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Summary 

Background: Soil-transmitted helminths (STHs) are a group of intestinal dwelling parasitic 

nematode worms that disproportionally affect socio-economically deprived populations in 

warm and tropical environments living with inadequate sanitation, poor hygiene and 

unsatisfactory educational coverage. Intestinal helminths are transmitted through 

contamination of soil with human feces and by subsequent accidental ingestion of soil with 

parasite eggs (Ascaris lumbricoides, Trichuris trichiura and occasionally Ancylostoma 

duodenale) or by penetration of the worm larvae (hookworm) into the skin and body of the 

human host. Soil-transmitted helminths are responsible for the largest burden of neglected 

tropical diseases, with about 1.5 billion infected people worldwide. Although most infections 

are asymptomatic and of light intensity, heavier intensity infections can cause severe morbidity. 

Chronic high-intensity manifestations caused by STH infections can lead to physical and 

intellectual growth retardation, perpetuating a vicious cycle of poor health and poverty. The 

World Health Organization (WHO) has advocated targeted preventive chemotherapy (PC), the 

periodic mass drug administration (MDA) of single dose benzimidazoles (i.e., albendazole and 

mebendazole) to at-risk population groups, without prior diagnosis. The main goal of this 

strategy is to reduce morbidity by decreasing infection intensities and to ultimately eliminate 

STH infections as a public health problem. This is defined as the decrease of prevalence of 

moderate and heavy infection intensities to below 2% as assessed in preschool- and school-

aged children by 2030. However, several factors might jeopardize the success of PC, including 

the low efficacy of the currently used benzimidazoles, its inability to prevent reinfections and 

the potential emergence of anthelmintic resistance due to mounting drug pressure. On Pemba 

Island, Tanzania, STH infections were recognized as a major public health problem in the early 

1990s. Since then, PC has been widely implemented (coverage rate >80%), but STH 

prevalence remains high to date. Hence, development of new and safe broad-spectrum drugs, 

repurposing of available drugs or the use of drug combinations to expand the armamentarium 

of treatment options is of paramount importance to help control and eliminate STH infections.  
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Goal and specific objectives: The first objective of my PhD was to test the efficacy and safety 

of ascending doses of moxidectin alone or combined with albendazole (400 mg) against 

trichuriasis. The second objective was to evaluate the short-term and long-term outcomes 

14-21 days, six and 12 months post-treatment of ivermectin-albendazole and albendazole 

alone in an expanded study population (6-60 years) aiming to inform and update STH control 

guidelines and programs. The third objective was to compare the performance of the 

microscopic Kato-Katz method to the molecular polymerase chain reaction (qPCR) and its 

impact on drug efficacy and day-to-day variation. The fourth objective was to test fecal 

calprotectin (FC) and fecal occult blood (FOB) as potential surrogate markers for STH 

attributable morbidity. Insights gained from the ivermectin-albendazole trial on trial 

methodology, trial procedures and mitigation strategies to overcome challenges faced during 

clinical research taking place in resource-limited environments is presented as fifth objective. 

Methods: This PhD work consisted of two clinical trials. The first was a phase II, randomized, 

placebo-controlled, dose-finding study on moxidectin in adolescents aged between 16 and 18 

years on Pemba Island in 2018. Screened individuals were asked to provide two stool samples 

at baseline to assess STH ova by the Kato-Katz method. Eligible adolescents were physically 

examined and questioned for clinical symptoms by a trial physician prior to treatment 

administration. Trichuris trichiura-infected adolescents were randomly assigned to seven 

treatment arms: 8, 16, or 24 mg of moxidectin monotherapy; 8, 16, or 24 mg of moxidectin plus 

400 mg of albendazole combination therapy; or placebo. The primary outcome was cure rate 

(CR) against T. trichiura, analyzed 13 to 20 days post-treatment. Adverse events were 

assessed 3h, 24h, 48h, 72h and 13-20 days after treatment, graded on severity, relatedness 

and expectedness as specified in the trial protocol. The second study was a Phase III, multi-

country, randomized, standard of care-controlled, blinded, parallel group, single dose, 

superiority trial on ivermectin-albendazole in Côte d’Ivoire, Lao People’s Democratic Republic 

(Lao PDR) and on Pemba Island, Tanzania between 2018 and 2020. The study was conducted 

in communities aged 6-60 years. Screened individuals provided two stool samples at baseline, 

14-21 days, six and 12 months post-treatment. Similar to the first study, the Kato-Katz method 
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was employed for STH diagnosis and, in addition, an aliquot of stool (~1 g) was mixed with 

80% ethanol and preserved at 4°C and later shipped at room temperature to Swiss Tropical 

and Public Health Institute in Basel, Switzerland for subsequent qPCR analyses. Furthermore, 

fecal rapid tests (FC and FOB), were used as potential proxy markers for STH attributable 

morbidity. Hence, a semi-quantitative chromatographic immunoassay (Actim® Fecal 

Calprotectin test/Actim® Fecal Blood test, Medix Biochemica, Finland) was applied for FC and 

FOB detection from participants diagnosed positive for T. trichiura and concomitant STH 

infections and identified STH negative participants as controls. Before treatment 

administration, all participants underwent a physical examination and a rapid diagnostic test 

for hemoglobin levels, pregnancy in all female participants (≥12 years), malaria (Côte d’Ivoire 

and Lao PDR) and lymphatic filariasis (Côte d’Ivoire and on Pemba Island, Tanzania) was 

applied. Drug efficacies (in terms of egg reduction rates (ERRs) and CRs), reinfections and 

new infections were assessed 14-21 days, six and 12 months post-treatment. Adverse events 

were captured 3h, 24h and 14-21 days after treatment, graded on severity, relatedness and 

expectedness as specified in the trial protocol.  

Results: We found that 8 mg of moxidectin (the lowest tested dose) performed as well as 16 

mg and 24 mg, and that the combination of moxidectin and albendazole was significantly more 

efficacious against T. trichiura than albendazole alone. Likewise, we revealed superiority of 

the ivermectin-albendazole combination therapy compared to albendazole alone against 

T. trichiura infections in Lao PDR and on Pemba Island. Similarly, the ivermectin-albendazole 

combination therapy led to a larger reduction of moderate and heavy T. trichiura infections and 

successfully reduced the prevalence of these infections to below 1.5% within 12 months. 

However, ivermectin-albendazole was not found to be superior to albendazole alone in Côte 

d’Ivoire. Moreover, we observed a higher sensitivity of qPCR compared to quadruple Kato-Katz, 

revealing significantly lower CRs for ivermectin-albendazole, when two qPCR samples were 

assessed pre- and post-treatment. In addition, we did not find an association between the 

presence of intestinal inflammation or mucosal bleeding, assessed with FC and FOB as 

respective proxy markers, and STH infection status or infection intensity.  
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Conclusion: Promising efficacies and safety for moxidectin-albendazole and ivermectin-

albendazole against T. trichiura were found. Hence, both drug combinations might be valuable 

alternatives in PC programs. The combination of 8 mg moxidectin and 400 mg albendazole 

should be further investigated in younger age groups, with longer follow-up periods and in 

different settings to help guiding recommendations for future STH control. Prior to MDA 

implementation with ivermectin-albendazole, careful decisions on the frequency of deworming 

adapted to the epidemiological parasite profile in each setting have to be made, while 

variations in treatment responses should be considered. In addition to that, standardized and 

accurate molecular diagnostic tools, which are applicable in peripheral field settings for the 

assessment of drug efficacy and for future monitoring within STH control and/or elimination 

programs, should be developed. Further studies are needed to identify suitable, standardized, 

low-cost proxy markers of STH attributable morbidity to monitor the clinical impact of STH 

control interventions. A strategic plan adapted to each setting with a distinct focus on 

community engagement and workforce is crucial for successful preparation, screening and 

implementation of randomized controlled trials. Gained knowledge on improvements of trial 

methodology, trial procedures and mitigation strategies to overcome challenges faced during 

clinical research in resource-constrained healthcare environments are valuable information 

that should be made available to the related research network. Moreover, potential drug donors 

and preferably local anthelmintic drug production facilities will need to be identified to meet the 

demand for STH control programs. 
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Zusammenfassung 

Hintergrund: Durch Bodenkontakt übertragene Helminthen sind eine Gruppe von im Darm 

lebenden, parasitären Würmer die sozioökonomisch benachteiligte Bevölkerungsgruppen in 

tropischen und subtropischen Ländern, mit unzureichender Wasserversorgung, schlechten 

sanitären Einrichtungen, Hygiene und unzureichender Bildung leben, unverhältnismässig stark 

betreffen. Intestinale Helminthen werden durch Kontamination des Bodens mit menschlichen 

Fäkalien und anschliessende versehentliche orale Aufnahme von Parasiteneiern (Ascaris 

lumbricoides, Trichuris trichiura und gelegentlich Ancylostoma duodenale) oder durch 

Eindringen der Wurmlarven (Hakenwurm) in die Haut des menschlichen Wirts übertragen. 

Bodenübertragene Helminthen sind, mit etwa 1,5 Milliarden infizierten Menschen weltweit, für 

die grösste Krankheitslast durch vernachlässigte Tropenkrankheiten verantwortlich. Obwohl 

die meisten Infektionen asymptomatisch und von geringer Intensität sind, können Infektionen 

mit höherer Intensität schwere Morbidität verursachen. Chronische Wurminfektionen hoher 

Intensität können zu einer körperlichen und intellektuellen Wachstumsverzögerung führen und 

folgend einen Teufelskreis aus schlechter Gesundheit und Armut aufrechterhalten. Die 

Weltgesundheitsorganisation (WHO) vertritt die Strategie einer gezielten präventiven 

Chemotherapie; d. h. eine regelmässige Verabreichung von Einzeldosen von Benzimidazolen 

(Albendazol und Mebendazol) an gefährdete Bevölkerungsgruppen ohne vorherige 

Diagnostik. Das Hauptziel dieser Strategie ist, die Morbidität durch Verringerung der 

Infektionsintensität zu reduzieren und letztendlich Infektionen mit intestinalen Helminthen als 

Problem der öffentlichen Gesundheit zu eliminieren. Dieses Ziel ist definiert als die Senkung 

der Prävalenz von moderaten und schweren Infektionsintensitäten auf unter 2% bei Kindern 

im Vorschul- und Schulalter bis 2030. Allerdings könnten mehrere Faktoren den Erfolg der 

flächendeckenden Entwurmung gefährden, darunter die geringe Wirksamkeit der derzeit 

verwendeten Benzimidazolen, die Unfähigkeit Reinfektionen zu verhindern und die mögliche 

Entstehung von Anthelmintika-Resistenzen aufgrund des zunehmenden 

Medikamentendrucks. Auf der Insel Pemba, Tansania, wurden Infektionen mit intestinalen 

Helminthen in den frühen 1990er Jahren als ein grosses Problem für die öffentliche Gesundheit 
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erkannt. Seitdem ist die flächendeckende Entwurmung weit verbreitet (Abdeckungsgrad 

>80%), dennoch bleibt die Prävalenz bis heute hoch. Daher ist die Entwicklung neuer und 

sicherer Breitspektrum-Medikamente, die Umnutzung vorhandener Medikamente oder der 

Einsatz von Medikamentenkombinationen zur Erweiterung der momentanen 

Behandlungsmöglichkeiten von grösster Bedeutung, um die Kontrolle und Eliminierung von 

Infektionen mit intestinalen Helminthen zu unterstützen.  

Ziel: Das erste Ziel meiner Doktorarbeit war es, die Wirksamkeit und Sicherheit von Moxidectin 

allein und in Kombination mit Albendazol (400 mg) zu testen und die wirksamste Dosis gegen 

Trichuriasis zu identifizieren. Das zweite Ziel war es, die Kurz- und Langzeitergebnisse 14-21 

Tage, 6 und 12 Monate nach der Behandlung mit Ivermectin-Albendazol und Albendazol allein 

in einer erweiterten Studienpopulation (6-60 Jahre) zu evaluieren, um Richtlinien und 

Programme zur Kontrolle von Infektionen mit intestinalen Helminthen zu aktualisieren lassen. 

Das dritte Ziel war der Vergleich der Funktionalität der mikroskopischen Kato-Katz-Methode 

mit der molekularen Polymerase-Kettenreaktion (qPCR) und deren Auswirkung auf die 

Wirksamkeit dieser beiden Medikamente. Das vierte Ziel war es, fäkales Calprotectin (FC) 

und fäkales okkultes Blut (FOB) als potenzielle Surrogatmarker für Morbidität infolge von 

Infektionen mit intestinalen Helminthen zu testen. Als fünftes Ziel werden Erkenntnisse aus 

der Ivermectin-Albendazol-Studie über Studienmethodik, Studienabläufe und Strategien zur 

Bewältigung von Herausforderungen in der klinischen Forschung in Entwicklungsländern 

vorgestellt. 

Methoden: Diese Doktorarbeit bestand aus zwei klinischen Studien. Die erste war eine 

randomisierte, placebokontrollierte Dosisfindungsstudie der Phase II zu Moxidectin bei 

Jugendlichen im Alter zwischen 16 und 18 Jahren auf der Insel Pemba im Jahr 2017. Die 

untersuchten Personen wurden angefragt, zu Studienbeginn zwei Stuhlproben abzugeben, um 

Helminthen-Eier mit der Kato-Katz-Methode zu bestimmen. Die in Frage kommenden 

Jugendlichen wurden von einem Studienarzt vor der Verabreichung der Behandlung körperlich 

untersucht und nach klinischen Symptomen gefragt. Trichuris trichiura-infizierte Jugendliche 
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wurden nach dem Zufallsprinzip sieben Behandlungsarmen zugeteilt: 8, 16 oder 24 mg 

Moxidectin-Monotherapie; 8, 16 oder 24 mg Moxidectin plus 400 mg Albendazol-

Kombinationstherapie; oder Placebo. Der primäre Endpunkt war die Heilungsrate (CR) gegen 

T. trichiura, die 13 bis 20 Tage nach der Behandlung analysiert wurde. Unerwünschte 

Nebenwirkungen wurden 3 Stunden, 24 Stunden, 48 Stunden, 72 Stunden und 13 bis 20 Tage 

nach Behandlung bewertet und nach Schweregrad, Zusammenhang und Erwartungswert 

eingestuft. Bei der zweiten Studie handelte es sich um eine länderübergreifende, 

randomisierte, Standard-of-Care-kontrollierte, verblindete, parallele Gruppen-, Einzeldosis- 

und Überlegenheitsstudie zu Ivermectin-Albendazol in der Elfenbeinküste, der 

Demokratischen Volksrepublik Laos (Laos) und auf der Insel Pemba in Tansania zwischen 

2018 und 2020. Die untersuchten Personen gaben zwei Stuhlproben zu Studienbeginn und 

14-21 Tage, 6 und 12 Monate nach der Behandlung ab. Ähnlich wie in der ersten Studie wurde 

die Kato-Katz-Methode zur Diagnose von Helminthiasis angewendet. Zusätzlich wurden fäkale 

Schnelltests (FC und FOB) als potenzielle Surrogatmarker für die Morbidität infolge von 

Infektionen mit intestinalen Helminthen eingesetzt. Dafür wurde ein halbquantitativer 

chromatographischer Immunoassay (Actim® Fecal Calprotectin-Test/Actim® Fecal Bluttest, 

Medix Biochemica, Finnland) für den FC- und FOB-Nachweis bei Teilnehmern mit T. trichiura 

positiver Diagnose sowie bei Helminth-negativen Teilnehmern als Kontrollen eingesetzt. 

Zusätzlich wurde ein Aliquot des Stuhls (~1 g) mit 80%igem Ethanol gemischt und bei 4°C 

konserviert und später bei Raumtemperatur an das Schweizerische Tropen- und Public 

Health-Institut (Swiss TPH) in Basel, Schweiz, für die anschließenden qPCR-Analysen 

versandt. Vor der Verabreichung der Behandlung wurden alle Teilnehmer einer körperlichen 

Untersuchung unterzogen und ein diagnostischer Schnelltest für Hämoglobinwerte, 

Schwangerschaft bei allen weiblichen Teilnehmern (≥12 Jahre), Malaria (Elfenbeinküste und 

Laos) und lymphatische Filariose (Elfenbeinküste und Pemba, Tansania) durchgeführt. Die 

Wirksamkeit des Medikaments (in Form von Eierreduktionsraten (ERR) und CRs), 

Reinfektionen und Neuinfektionen wurden 14-21 Tage, sechs und 12 Monate nach der 

Behandlung erfasst. Unerwünschte Nebenwirkungen wurden 3h, 24h und 14-21 Tage nach 
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der Behandlung erfasst und nach Schweregrad, Zusammenhang und Erwartungswert, wie im 

Studienprotokoll angegeben, eingestuft.  

Ergebnisse: Wir zeigten, dass 8 mg Moxidectin (die niedrigste getestete Dosis) ebenso gut wie 

16 mg und 24 mg wirkte, und dass die Kombination von Moxidectin-Albendazol signifikant 

wirksamer gegen T. trichiura war als Albendazol allein. Ebenso zeigten wir eine Überlegenheit 

der Ivermectin-Albendazol Kombinationstherapie im Vergleich zu Albendazol allein gegen T. 

trichiura-Infektionen in Laos und auf Pemba. Ebenso führte die Ivermectin-Albendazol 

Kombinationstherapie zu einer grösseren Reduktion von mittelschweren und schweren T. 

trichiura-Infektionen und reduzierte die Prävalenz dieser Infektionen erfolgreich auf unter 1.5 

% innerhalb von 12 Monaten. In der Elfenbeinküste erwies sich Ivermectin-Albendazol jedoch 

nicht als überlegen gegenüber Albendazol allein. Darüber hinaus beobachteten wir eine 

höhere Sensitivität der qPCR-Methode im Vergleich zum Kato-Katz-Test, welcher signifikant 

niedrigere CRs für Ivermectin-Albendazol ergab, wenn zwei qPCR-Proben vor und nach der 

Behandlung untersucht wurden. Darüber hinaus fanden wir keinen Zusammenhang zwischen 

dem Vorhandensein von Darmentzündungen oder Schleimhautblutungen, beurteilt mit FC und 

FOB als jeweilige Surrogatmarker, und dem Helminthen-Infektionsstatus oder der 

Infektionsintensität.  

Schlussfolgerung: Mit Ivermectin-Albendazol und Moxidectin-Albendazol wurden zwei 

wirksame und sichere Medikamentenkombinationen für die Behandlung von T. trichiura 

gefunden. Daher könnten beide Medikamentenkombinationen wertvolle Alternativen in 

Entwurmungsprogrammen darstellen. Um Empfehlungen für zukünftige Kontrollprogramme 

geben zu können, sollte die Moxidectin-Albendazol Kombination von 8 mg plus 400 mg in 

jüngeren Altersgruppen mit längeren Nachbeobachtungszeiträumen und in verschiedenen 

Ländern weiter untersucht werden. Vor der Implementierung von grossflächigen 

Entwurmungen mit Ivermectin-Albendazol müssen sorgfältige Entscheidungen über die 

Häufigkeit der Medikamentenabgabe getroffen werden, die an das epidemiologische 

Parasitenprofil in den jeweiligen Gebieten angepasst sind, während Variationen im 
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Ansprechen auf die Behandlung berücksichtigt werden sollten. Des Weiteren werden 

standardisierte und genaue molekulare Diagnostikverfahren benötigt, die in abgelegenen 

Gegenden, für die zukünftige Überwachung im Rahmen von Kontroll- und/oder 

Eliminierungsprogrammen und für die Entwicklung neuartiger wirksamer Behandlungen 

anwendbar sind. Darüber hinaus sind weitere Studien erforderlich, um geeignete, 

standardisierte und kostengünstige Proxy-Markers für die Morbidität infolge von Infektionen 

mit intestinalen Würmern zu identifizieren und um die klinischen Auswirkungen von 

Kontrollmassnahmen zu überwachen. Ein strategischer Plan, der an die jeweiligen 

epidemiologischen Gebiete angepasst ist und einen Schwerpunkt auf das Engagement der 

Probanden und der Arbeitskräfte legt, ist für die erfolgreiche Vorbereitung, Auswahl und 

Durchführung von randomisierten kontrollierten Studien entscheidend. Die gewonnenen 

Erkenntnisse über mögliche Verbesserungen der Studienmethodik, der Studienabläufe und 

der Strategien zur Bewältigung von Herausforderungen bei der klinischen Forschung in 

ressourcenarmen Gebieten sind wertvolle Informationen, die dem entsprechenden 

Forschungsnetzwerk zur Verfügung gestellt werden sollten. Darüber hinaus müssen neue 

Hersteller und vorzugsweise lokale Produktionsanlagen gefunden werden, die kostengünstige 

Medikamente produzieren, um den Bedarf von Kontrollprogrammen zu decken. 
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Muhtasari 

Historia: Minyoo inayosambazwa kwa udongo (kifupi: STHs) ni kikundi cha minyoo ya tumbo 

ambayo huathiri vibaya jamii za uchumi wa chini kwenye mazingira ya joto na kitropiki hususani 

wenye uhaba wa maji, usafi duni wa mazingira na elimu siha ya kiwango kidogo. Minyoo tumbo 

inaenezwa kupitia ulaji wa bahati mbaya wa udongo uliochafuliwa na kinyesi cha binadamu 

chenye mayai ya minyoo (kama Ascaris lumbricoides, Trichuris trichiura na mara chache 

Ancylostoma duodenale) au kwa minyoo kupenya kwenye ngozi na mwili wa binadamu. 

Minyoo inayosambazwa kwa udongo inachangia kwa kiasi kikubwa mzigo wa magonjwa ya 

kitoprikia yasiyopewa kipaumbele, ambapo watu takribani billion 1.5 wameambukizwa duniani. 

Ingawa maambukizi mengi hayana dalili na ni kiwango chepesi, kiwango kingi cha maambukizi 

kinaweza kupelekea upungufu mkubwa. Kiwango sugu cha juu cha maambukizi 

yanayosababishwa na STH yanaweza pelekea udumavu wa akili na mwili, kuchagiza 

mzunguko mbaya wa afya mbaya pamoja na umaskini. Shirika la Afya ulimwenguni (WHO) 

linapendekeza matumizi-lengwa ya kinga tiba (PC), utoaji wa muda wa dawa jumla (MDA) za 

benzimidazoles (m.f. albendazole na mebendazole) kwa vikundi vya watu walio katika hatari, 

bila ya uchunguzi wa awali. Lengo kuu la mkakati huu ni kupunguza magonjwa kwa kupunguza 

kiwango cha maambukizi na mwishowe kutokomeza maambukizi ya STH kama shida ya afya 

ya umma. Hii inaelezewa kama kupungua kwa kiwango cha maambukizi ya wastani na 

makubwa kwa hadi chini ya asilimia 2 kama inavyotathiminiwa katika watoto wa shule na 

ambao hawajaanza shule ifikapo mwaka 2030. Walakini, sababu kadhaa zinaweza 

kuhatarisha mafanikio ya PC, hii ni pamoja na ufanisi mdogo wa matumizi ya sasa ya 

benzimidazoles, uwezo wake hafifu wa kuzuia maambukizi mapya na uwezekano wa kuibuka 

kwa usugu wa dawa kutokana na matumizi makubwa. Kisiwani Pemba, Tanzania, maambukizi 

ya STH yalitambulika kama ni shida kubwa ya afya ya umma mapema miaka ya 1990. Tangu 

wakati huo, PC imekuwa ikitekelezwa sana (kiwango cha usambaaji >80%), lakini maambukizi 

ya STH bado yapo juu hadi sasa. Kwa hivyo, maendeleo ya dawa mpya zilizo salama na wigo 

mpana, ubadilishaji wa dawa zinazopatikana au matumizi ya mchanganyiko wa dawa ili 
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kupanua silaha ya chaguzi za matibabu ni muhimu sana kusaidia kudhibiti na kuondoa 

maambukizo ya STH. 

Lengo na malengo maalum: Lengo la kwanza la PhD yangu ilikuwa kujaribu ufanisi na 

usalama wa moxidectin peke yake au pamoja na albendazole (400 mg) na kutambua kipimo 

kizuri zaidi dhidi ya trichuriasis. Lengo la pili lilikuwa kutathmini matokeo ya muda mfupi na 

muda mrefu siku 14-21, miezi sita na 12 baada ya matibabu ya ivermectin-albendazole na 

albendazole peke yake katika idadi ya pana ya watu (miaka 6-60) wakilenga kufahamisha na 

kusasisha miongozo na mipango ya kudhibiti STH. Lengo la tatu lilikuwa kulinganisha utendaji 

wa njia ndogo ya Kato-Katz na mmenyuko wa molekuli ya polymerase (qPCR) na athari yake 

kwa ufanisi wa dawa na tofauti ya kila siku. Lengo la nne lilikuwa kujaribu calprotectin ya 

kinyesi (FC) na damu ya kwenye kinyesi (FOB) kama alama zinazoweza kupitishwa kwa 

ugonjwa unaosababishwa na STH. Ufahamu uliopatikana kutoka kwa jaribio la ivermectin-

albendazole juu ya njia ya majaribio, taratibu za majaribio na mikakati ya kukabiliana na 

changamoto zinazokabiliwa wakati wa utafiti wa kliniki unaofanyika katika mazingira yenye 

rasilimali ndogo huwasilishwa kama lengo la tano. 

Njia: Kazi hii ya PhD ilikuwa na tafiti mbili za kliniki. Ya kwanza ilikuwa utafiti wa awamu ya II, 

uliodhibitiwa bila mpangilio, wa kutafuta dozi ya moxidectini kwa vijana wenye umri kati ya 

miaka 16 na 18 katika Kisiwa cha Pemba mnamo 2017. Watu waliochunguzwa waliombwa 

kutoa sampuli mbili za kinyesi mwanzoni kutathmini mayai ya STH kwa njia ya Kato-Katz. 

Vijana waliostahiki walichunguzwa na kuulizwa dalili za kikliniki na daktari wa utafiti kabla ya 

kupatiwa matibabu. Vijana walioambukizwa na T. trichiura walipangwa bila ya upendeleo 

katika makundi saba ya matibabu: 8, 16, au 24 mg ya moxidectini pamoja na 400 mg ya tiba 

mchanganyiko ya albendazole; au bila dawa. Matokeo ya msingi ilikuwa kiwango cha tiba (CR) 

dhidi ya T. trichiura, iliyochambuliwa siku 13 hadi 20 baada ya matibabu. Matukio mabaya 

yalipimwa masaa 3, 24, 48, 72 na siku 13-20 baada ya matibabu, yamepangwa kwa ukali, 

uhusiano na kutarajiwa kama ilivyoainishwa katika itifaki ya utafiti. Utafiti wa pili ulikuwa wa 

awamu ya Tatu, nchi nyingi, bila upendeleo la kuangalia ubora wa ivermectin-albendazole 
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huko nchini Côte d'Ivoire, Lao PDR na Kisiwa cha Pemba, Tanzania kati ya 2018 na 2020. 

Utafiti huo ulifanywa katika jamii zilizo na miaka 6-60. Watu waliochunguzwa walitoa sampuli 

mbili za kinyesi kwenye hatua ya kwanza, siku 14-21, miezi sita na miezi 12 baada ya 

matibabu. Sawa na utafiti wa kwanza, njia ya Kato-Katz ilitumika kwa ajili ya kupima STH, kwa 

kuongezea, vipimo vya kinyesi vya haraka (FC na FOB), vilitumika kama viashiria vya wakala 

wa ugonjwa unaoweza kuambukizwa wa STH. Hivyo basi, nusu ya upimaji wa 

chromatographic immunoassay (Jaribio la Actim® Fecal Calprotectin/Jaribio la Damu ya 

Actim® Fecal, Medix Biochemica, Finland) ilitumiwa kwa kugundua FC na FOB kutoka kwa 

washiriki waliogundulika kuwa na ugonjwa wa T. trichiura na maambukizo yanayofanana ya 

STH na kutambuliwa washiriki hasi wa STH, kama kidhibiti.  

Kwa kuongezea, kiasi cha kinyesi (~ 1 g) kilichanganywa na ethanol 80% na kuhifadhiwa 

katika nyuzi joto 4 °C na baadaye kusafirishwa kwa joto la kawaida hadi kwenye Taasisi ya 

kiswizi ya Kitropiki na Afya ya Umma (Uswisi TPH) huko Basel, Uswisi kwa uchambuzi 

uliofuata wa qPCR Kabla ya usimamizi wa matibabu, washiriki wote walifanya uchunguzi wa 

mwili na uchunguzi wa haraka wa viwango vya hemoglobin, ujauzito kwa washiriki wote wa 

kike (miaka 12 na kuendelea), malaria (Cote d'Ivoire na Lao PDR) na minyoo ya matende 

(Côte d'Ivoire na kuendelea Kisiwa cha Pemba, Tanzania) ilitumika. Ufanisi wa dawa 

(kulingana na viwango vya kupunguza mayai (ERR) na CR), maambukizo na maambukizo 

mapya yalipimwa siku 14-21, miezi sita na 12 baada ya matibabu. Matukio mabaya 

yalirekodiwa masaa 3, 24 na siku 14-21 baada ya matibabu, yamepangwa kwa ukali, uhusiano 

na kutarajiwa kama ilivyoainishwa katika itifaki ya majaribio. Ndani ya mfumo wa jaribio hili, 

utendaji wa njia mbili za utambuzi - Kato-Katz ya copromicroscopic na qPCR ya Masi - 

ililinganishwa na athari zao kwa ufanisi wa matibabu. 

Matokeo: Tuligundua kuwa 8 mg ya moxidectin (kipimo cha chini cha dozi) ilikuwa na ufanisi 

sawa na 16 mg na 24 mg, na kwamba mchanganyiko wa moxidectin na albendazole ulikuwa 

na ufanisi mzuri zaidi dhidi ya T. trichiura kuliko albendazole peke yake. Vivyo hivyo, tulifunua 

ubora wa tiba ya mchanganyiko wa ivermectin-albendazole ikilinganishwa na albendazole 
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peke yake dhidi ya maambukizo ya T. trichiura huko Lao PDR na Kisiwa cha Pemba. Vivyo 

hivyo, tiba ya mchanganyiko wa ivermectin-albendazole ilisababisha upunguzaji mkubwa wa 

maambukizo ya wastani na makubwa ya T. trichiura na kufanikiwa kupunguza kuenea kwa 

maambukizo haya hadi chini ya 1.5% ndani ya miezi 12. Walakini, ivermectin-albendazole 

haikupatikana kuwa bora kuliko albendazole peke yake huko Côte d'Ivoire. Sababu 

zinazowezekana za utofauti huu ni uwezekano wa usugu wa dawa inayopelekea kutokana na 

mabadilko ya kijenetikia. Kwa kuongezea, tuliona kiwango cha juu cha utambuzi wa qPCR 

kulinganisha na mara nne ya Kato-Katz, ikidhihirisha ufanisi mdogo wa ivermectin-

albendazole, kipindi sampuli za qPCR zikitathminiwa kabla na baada ya matibabu. Kwa 

kuongezea, hatukupata uhusiano wowote kati ya uwepo wa uvimbe katika tumbo au kuvuja 

kwa damu, uliopimwa na FC na FOB kama alama za wakala husika, na hali ya maambukizo 

ya STH au kiwango cha maambukizo. 

Hitimisho: Ufanisi na usalama kwa moxidectin-albendazole na ivermectin-albendazole dhidi ya 

T. trichiura zilipatikana. Kwa hivyo, mchanganyiko wote wa dawa inaweza kuwa mbadala 

muhimu katika programu za PC. Mchanganyiko wa moxidectin-albendazole ya 8 mg pamoja 

na 400 mg inapaswa kuchunguzwa zaidi katika vikundi vya umri mdogo, na vipindi virefu vya 

ufuatiliaji na katika mipangilio tofauti kusaidia kuongoza mapendekezo ya udhibiti wa siku 

zijazo wa STH. Kabla ya utekelezaji wa MDA na ivermectin-albendazole, maamuzi makini ya 

ni mara ngapi watu watibiwe kulingana na wasifu wa minyoo hii kwenye kila sehemu lazima 

ufanyike, wakati tofauti za matibabu zinapaswa kuzingatiwa. Masomo zaidi yanahitajika 

kutambua alama za wakala zinazofaa, sanifu, na za mbinu za bei ya chini za kukabiliana na 

ugonjwa unaosababishwa wa STH kufuatilia athari za kliniki za hatua za kudhibiti STH. Kwa 

kuongezea hayo, zana za uchunguzi za kimolekyuli na sahihi, ambazo zinatumika katika 

mipangilio ya uwanja wa pembeni, kwa ufuatiliaji wa siku zijazo ndani ya udhibiti wa STH na/au 

mipango ya kuondoa na kuandaa matibabu madhubuti ya riwaya. Kwa kuongezea, wazalishaji 

wapya watahitaji kutambuliwa wakitoa dawa za bei ya chini kukidhi mahitaji ya mipango ya 

kudhibiti STH. 



Chapter 1 Introduction 

Neglected tropical diseases (NTDs) are a diverse group of 20 diseases generally marked by a 

high level of morbidity together with economic impairment [1, 2]. Hence, poverty is usually 

considered a root cause of NTDs and, thus, affects disadvantaged population groups with 

limited access to preventive and curative health services [1]. Following that, these diseases do 

not occur in isolation; in most tropical and subtropical countries at least five to six diseases 

occur within the same region [3]. According to the World Health Organization (WHO), NTDs 

can be controlled, prevented and possibly eliminated by the combination of effective solutions. 

Strategies for the control or elimination of individual diseases have been defined in several 

WHO documents, whilst the objectives for the control, elimination or eradication of the 

associated clinical conditions have been defined by the World Health Assembly (WHA) 

resolutions [4]. 

Among all 20 NTDs, human helminthiases impose the largest burden [5-7] and cause the 

highest disease burden [8, 9]. Important contextual determinants for human helminth infection 

are poverty, lack of sanitation and inadequate personal and domestic hygiene practices [10-

12]. Co-infections with more than one soil-transmitted helminth (STH) species are common in 

such socio-ecological systems [13], contributing to substantial morbidity. 
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1. Helminth infections 

Parasitic worms, also known as helminths, are multicellular parasites adapted to living most of 

their lives within vertebrate hosts. Accompanying diseases caused by these worms are known 

as helminthiases. Helminth parasite species belong to two of the lower invertebrate phyla 

within the animal kingdom: Nematoda (roundworms) and Platyhelminthes (flatworms). The 

phylum Platyhelminthes includes trematodes (flukes) and cestodes (tapeworms). The phylum 

Nematoda includes STHs, which are transmitted through soil contaminated with fecal matter 

and caused by the large roundworm (Ascaris lumbricoides), the whipworm (Trichuris trichiura), 

and the hookworms (Ancylostoma duodenale and Necator americanus). Another common, but 

often neglected, STH is the dwarf threadworm (Strongyloides stercoralis) that is usually 

considered separately and lacks inclusion in most STH control programs [14]. Nematode eggs 

(also called ova) and larvae contaminate soil by thriving in warm and moist soils [13]. Human 

infection with STHs is caused by skin penetration of larvae (A. duodenale and N. americanus) 

or by accidental ingestion of embryonated eggs through either contaminated food, water or soil 

(A. lumbricoides, T. trichiura and occasionally A. duodenale). Excreted helminth ova are 

resistant to various environmental conditions and can remain viable in fresh water, soil and 

sewage for several months, waiting to infect a host [15-17]. The focus of this PhD work lies on 

A. lumbricoides, T. trichiura and hookworm, the three most common STH species [13]. 

 

1.1 Global burden of soil-transmitted helminths  

Intestinal helminths have afflicted humans throughout history; the earliest findings of parasitic 

worm eggs were found in coprolites (fossilized feces) from mummified humans dating back to 

both Old World and New World archaeological sites [18, 19]. Within the last century, STH 

infections were prevalent in parts of Europe, Japan, South Korea, Taiwan and the southern 

states of America but STH transmission has been successfully eliminated [20]. Today, STH 

infections are disproportionately more prevalent in tropical and subtropical regions, where 

favorable ecologies converge with poverty, over-crowded living conditions, poor sanitation 
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infrastructure and unsatisfactory educational coverage [21]. Globally, estimates of 1.45 billion 

affected individuals were reported in 2010 (Figure 1) [8]. Infections with A. lumbricoides are 

the most prevalent among STH infections, followed by T. trichiura and hookworm infections 

[22]. Soil-transmitted helminth prevalence decreased from 39% in 1990 to 26% in 2010 [8], 

while more than one quarter of sub-Saharan Africa’s population was infected with at least one 

STH species in 2003 [23, 24].  

 

Figure 1. The global prevalence of soil-transmitted helminths.  

Combined prevalence of any STH infection, based on geostatistical models for sub-Saharan 

Africa and available empirical information for all other areas by Pullan et al., 2014. 

 

Accurate estimates of the global disease burden and the number of deaths caused by STH 

infections are complex, as the diseases are mostly asymptomatic or symptoms are non-

specific to helminths. There is only limited and highly variable data on the frequency of 

complications or the number of deaths attributed to STH infections [25]. Most recent estimates 

from 2017 reported 3’205 deaths worldwide attributed to ascariasis, while no estimates of 

death attributable to trichuriasis or hookworm infections were calculated [26]. Hence, no 

reliable estimates of mortality exist [27]. In general, STH infections cause disability rather than 
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deaths; therefore, their global burden is commonly expressed in disability-adjusted life years 

(DALYs). Though there has been a reduction in DALYs attributed by intestinal helminth 

infections (32.3% from 2007-2017) the global burden of STH infections remains high with 1.92 

million DALY’s in 2017 [28]. From the 1.92 million DALYs, 45% were due to A. lumbricoides, 

44% to hookworm and 11% to T. trichiura [28]. However, the economic burden has not been 

clearly estimated for STHs, due to lack of precise detail about the nature of STH attributable 

morbidity [29]. 

 

1.2 Life cycle of soil-transmitted helminths 

The life cycle of helminth infections is fundamentally different from that of all other infectious 

agents [30]. Each helminths life cycle involves a transition from an egg into an intermediate 

larva and then into an adult stage. With the exception of S. stercoralis, helminths cannot 

reproduce within the human host [31].  

If an infected host defecates outside (in a field, garden or near bushes) or if the feces of infected 

individuals are used as fertilizer, eggs are deposited on soil. These fertilized eggs of T. trichiura 

and A. lumbricoides and the larvae of hookworm develop in the soil to the infective stage [13].  

In detail, after a human host accidentally ingests T. trichiura infective eggs, these will hatch in 

the small intestine [32] and release larvae that mature into adult worms in the colon. Adult 

worms, with an approximate length of 4 cm, fix themselves in the cecum and ascending colon, 

with their anterior portion embedded in the mucosa (Figure 2.1) [33]. The female worms start 

to oviposit within 60 to 70 days shedding between 3’000 to 20’000 eggs per day and per worm 

over an average life span of one year. These fertilized but unembryonated eggs are released 

with the hosts’ feces, becoming infective (embryonated) within 15 to 30 days in the soil [34]. 
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Figure 2.1. Diagrammatic representation of the life cycle of Trichuris trichiura.  

From CDC, Creative Commons (Center for Disease Control and Prevention, 2015. Parasites 

[Online]. Available at: http://www.cdc.gov/parasites/). 

 

In the case of ingestion of A. lumbricoides ova, first-stage larvae hatch in the large intestine, 

release third stage larvae, covered by the second stage larvae cuticle [35]. These larvae 

penetrate the colon mucosa and undergo a hepato-tracheal migration. After shedding the 

second-stage cuticle in the liver, the larvae migrate to the pulmonary circulation. In the lungs, 

larvae are further maturing (in between ten and 14 days), penetrating the alveolar walls and 

ascending the bronchial system to the throat. Mature larvae are then swallowed again reaching 

the lumen of the small intestine where they develop into adult worms (Figure 2.2) [36]. The 

female worms, with a length up to 35 cm, start to oviposit within 60 to 90 days shedding 240’000 

eggs per day and per worm over an average life span of one to two years [13, 37]. The hepato-

tracheal migration step is contributing to both liver and lung pathology in the infected host [38, 

39]. 
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Figure 2.2. Diagrammatic representation of the life cycle of Ascaris lumbricoides.  

From CDC, Creative Commons (Center for Disease Control and Prevention, 2015. Parasites 

[Online]. Available at: http://www.cdc.gov/parasites/). 

 

In the case of A. duodenale and N. americanus infections, eggs hatch and moult twice in soil 

under moist, warm and shady conditions until infective third-stage larvae emerge [40]. These 

larvae infect the human host either by penetrating the skin (N. americanus and A. duodenale), 

of the typically bare feet human host, or via oral ingestion (A. duodenale). Following host entry, 

larvae are carried through blood vessels to the heart and further transported to the lungs. After 

invading the alveoli, the larvae ascend the bronchial system to the pharynx and are swallowed 

descending to the intestine. After reaching the jejunum, hookworm larvae mature and moult 

twice to develop into the final mature worms (Figure 2.3) [40]. Depending on the species, it 

takes between 28-50 days until females start to oviposit. Each female A. duodenale produces 

between 25’000 and 30’000 ova per day, while N. americanus lays between 9’000 and 10’000 
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ova per day [13]. The adult worms can attach themselves to the intestinal wall for one to eight 

years [13, 40]. 

 

Figure 2.3. Diagrammatic representation of the life cycle of intestinal hookworm.  

From CDC, Creative Commons (Center for Disease Control and Prevention, 2015. Parasites 

[Online]. Available at: http://www.cdc.gov/parasites/). 

 

All STH species are dioecious; therefore, reproductivity depends on the presence or absence 

of male worms in the intestine. Only fertilized eggs become infective after their release into 

appropriate environmental conditions [34]. 

 

1.3 STH attributable morbidity and clinical features 

Chronic infections with soil-transmitted helminths cause disorders that predominantly affect 

infants [41], pre-school aged children (pre-SAC) and school-aged children (SAC) and women 

of reproductive age (WRA) [13, 42]. Heavily infected individuals are both at highest risk of 

disease and the main source of environmental contamination [43]. Hence, the infection 

intensity is the key determinant of morbidity, although the association between presence and 
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severity of disease and excreted eggs in feces is complex [44]. It is assumed that light intensity 

infections cause minimal harm, whereas moderate and heavy infections cause substantial 

morbidity [45]. As STH attributable morbidity is related to the number of parasites harbored by 

the host [46], attempts have been made to classify infection intensities based on egg counts 

[47]. Both WHO [48] and the Global Burden of Disease Study [28] use infection intensity as 

the indicator to evaluate STH attributable morbidity. Peak worm burden of T. trichiura and A. 

lumbricoides occur in hosts aged between 10 and 14 years despite initial infection of most 

hosts in their first year of life, hence, exhibit convex epidemiological curves (Figure 3). The 

decline in frequency and intensity in adulthood might be due to acquired immunity, decreased 

exposure or the combination of these two factors [49]. In contrast to that, hookworm prevalence 

increases until it plateaus in adulthood (Figure 3) [42, 50]. Moreover, there is a small body of 

evidence for an increased susceptibility to T. trichiura infection in certain individuals, 

determined by behavioral, environmental, genetic and immunological factors. Individuals that 

were previously infected are more likely to become reinfected following treatment compared 

to uninfected individuals [51]. Likewise, heavily infected individuals tend to reacquire a heavy 

worm burden post-treatment [52]. 
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Figure 3. Age-prevalence and age-intensity curves for helminth infections in endemic 

populations. 

A) Age-distribution of T. trichiura infection in an endemic Caribbean community (adapted from 

[53]); B) Age-distribution of A. lumbricoides infection in a highly endemic Brazilian community 

(adapted from [54]); C) Age-distribution of N. americanus infection in a highly endemic Brazilian 

community (adapted from [54]). Solid lines (B, C) indicate prevalence (left y axis) and dashed 

lines indicate arithmetic intensity of infection (right y axis). Maximum scale values vary between 

graphs. 

 

Around 4% of all T. trichiura infections cause complications defined as heavy infestations [22]. 

As T. trichiura worms directly attach themselves to the mucosa to feed, a local inflammation of 

the large intestine and cecum and blood loss are common [26]. Moreover, T. trichiura can 

induce massive infantile trichuriasis, also known as Trichuris dysentery syndrome, that 

includes bloody mucoid diarrhea, anemia, rectal prolapse, rectal bleeding and finger clubbing 
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[52]. In the case of A. lumbricoides, about 7% of those infected suffer from ascariasis 

complications [22]. Clinical presentations are directly related to the parasites’ life cycle as larval 

migration through the lungs and the liver induces various symptoms, such as lung infiltration, 

cough and intense eosinophilia, known as Löffler syndrome [55]. Further symptoms are 

urticaria, dyspnea, hemoptysis, cough and abnormal breath [26]. In heavily infected 

individuals, morbidity is caused by impairment of nutrition intake and absorption leading to 

impaired child growth. This might be due to intestinal obstruction, when a large number of 

worms are present in the small intestine, a common cause for emergency resection in young 

children in endemic countries [56-59]. Around 13% of individuals infected by hookworm 

experience complications mostly caused by mechanical damage on the intestinal mucosa 

induced by the parasite feeding. One bite into the intestinal mucosa by an adult worm is 

estimated to cause a blood loss of 0.03-0.26 mL per day, depending on the species [60-62]. 

Hookworm infections are assumed to be the causative factor of iron-deficiency anemia in more 

than 5% of cases in Africa and Asia [63]. Additional sequelae include inflammation and ulcers 

resulting from the mechanical damage on the intestinal mucosa [64].  

Estimates on STH related effects on nutrition remain unclear, as this depends on the definition 

of worm burden, the status of co-infection, the drugs used for deworming and the downstream 

effects on metabolism of nutrients [65]. Likewise, particularly non-specific symptoms, such as 

abdominal pain and diarrhea, are difficult to assign to a single cause, as individuals living in 

these regions are at risk of various intestinal protozoan, bacterial and viral infections or are 

exposed to environmental hazards [26]. Children often suffer from co-infections with other 

helminths or malaria that lead to exacerbation of heavy infections. Such polyparasitism remain 

typically underdiagnosed given the non-specific gastrointestinal symptoms [66-71]; however, 

they potentially contribute to impaired intellectual and cognitive development [72-75]. 

Moreover, helminth infection might increase morbidity of HIV/AIDS and malaria and potentially 

impair their vaccine efficacy [76].  

Overall, STH infections tend to be long-lasting infections in nature with recurring infections [67] 

and have a negative impact on pregnancy, birth outcomes and children’s growth which are 
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associated with impaired cognitive and motor development of infants and lowered educational 

achievements [77]. These manifestations, may in turn, have potential long-term 

consequences, hence, may interfere with productivity and wage-earning capacity in adulthood 

[29, 78]. However, there is lack of precise detail about the nature of STH attributable morbidity, 

thus, adequate morbidity markers are needed, which is tackled in objective 4 of this PhD thesis. 

 

1.4. Transmission dynamics and the environment 

Due to the maturation time until the parasite reaches its infective stage in the soil, there is no 

direct person-to-person transmission nor infection from fresh stool. Since multiplication within 

the host is not possible for these worms, reinfection occurs only from a new infection (contact 

with infective stages). Following that, each adult worm within a host is the result of a separate 

infection event. The intensity of infection (size of worm burden) is, thus, the main determinant 

of helminth transmission dynamics and the major determinant of morbidity [43]. The intensity 

of infection and the infection-related morbidity are functions of continuing exposure to 

contaminated environments, that leads to progressive accumulation of more intense infection 

[79]. Therefore, low worm burden typically leads to a reduction in transmission of infection 

because of the increased number of unfertilized eggs.  

Environmental conditions have generally a strong impact on the components of the species’ 

transmission cycles, as parasite survival is majorly influenced by aridity, altitude and by land 

surface temperature. Experimental studies have demonstrated that the infective stages ideally 

develop at temperatures between 28 and 32°C. The viability of A. lumbricoides and T. trichiura 

cease at temperatures below 5°C and above 38°C [80], while the development of hookworm 

larvae halt at 40°C [81]. Moreover, soil moisture and relative atmospheric humidity is needed 

for the development of STH ova [20, 82]. Interestingly, although seasonal dynamics in 

transmission may occur, such fluctuations are less likely to affect overall transmission success 

and STH patterns, as the life span of adult parasites is longer than the seasonal changes with 

hampering environmental factors [83].  
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The basic reproductive number, defined as the average number of successful offspring from a 

single mature female adult worm [46], is highest for T. trichiura (4-6) and lowest for hookworm 

(2-3) [83]. In addition, the distribution of worms among the hosts is highly over dispersed; most 

individuals are harboring light infections, whereas a few hosts have a disproportionally high 

worm burden [84, 85]. Individuals harboring a high worm population are at greater risk of 

disease, are more likely to suffer from STH attributable morbidity and mortality, and account 

for the main driver of environmental contamination [86]. Moreover, socio-economically 

deprived communities living in field huts are at greater risk for STH infection. If open defecation 

is common practice, children may walk barefoot through contaminated environments, which 

increases the risk for favorable STH transmission [87]. Other major transmission factors for 

STH are the use of night soil as fertilizer [88], the absence of safely managed sanitation 

services [89, 90] and the lack of an effective protective immunity [91]. Hence, all 

aforementioned factors favor rapid reinfection post-treatment, observed in prevalence and 

intensity profiles bouncing back to pre-treatment levels [92], an important fact that will be 

further discussed in Chapter 10.2.3.  

 

1.5. Helminth immunology 

A host-parasite interaction has developed along with the evolvement of the life cycles of each 

species. This interaction includes mechanisms to limit pathology and to best balance immune 

pathogenesis, resistance and susceptibility of the parasites [93]. The capacity of parasite 

populations to reinfect hosts post-treatment is a remarkable feature of helminth immunology 

[94].  

Most evidence on immune responses on STHs use rodent-specific STH species in a laboratory 

setting, as it remains challenging to study immunity to human helminthiases due to the difficulty 

to account for infection exposure and history, polyparasitism and genetic heterogeneity [26]. 

The typical feature of the immune response to acute helminth invasion is the production and 

subsequent mobilization of various proteins (e.g., cytokines, immunoglobulin and eosinophils), 
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a predominant T helper 2 (Th2) immune response [95]. When inhabiting different niches of 

their human host, helminth parasites cause damage to the host tissues. Adult T. trichiura 

worms embed their head part into a intracellular niche in the large intestine [96] causing 

petechial lesions, blotchy mucosal hemorrhage and oozing leading to both, mucosal and 

systemic immune responses [97-99]. Likewise, hookworm larvae use their cutting plates to 

attach to the mucosa to begin feeding and molting into adult worms [100]. Fecal calprotectin, 

a neutrophil cytoplasmic multimeric complex of calcium-binding proteins, is abundant in 

neutrophil granulocytes, monocytes and early stage macrophages [101]. Translocation of 

these cells into the intestinal mucosa and degranulation inside the intestinal lumen leads to 

increased secretion of FC as a response to local inflammation [102, 103]. Therefore, we 

investigated FC as a potential proxy marker for disease activity in individuals infected and non-

infected with STHs, as specified in objective 4. 

However, with increasing levels of parasite antigens, when a chronic stage of infection is 

established, macrophages start to suppress T-cell proliferation and boost the development of 

modified Th2 cells. Hence, the autonomous immune response is not fully triggered by the 

invasion of helminths into the human host and the elimination of parasites becomes difficult 

[104, 105]. These anti-parasite immune responses might have developed to limit parasite load 

and to promote wound healing, rather than rapidly expulsing the entire parasite burden [106]. 

In general, it seems that STHs are equipped with a battery of immunomodulatory mechanisms 

as they secrete and excrete various parasite-derived molecules that are antigenic and 

immunomodulatory in order manipulate, inhibit or activate host gene expression to best 

accommodate the host throughout their relatively long lifespan [107-112]. Indeed, there is a 

fairly large body of evidence pointing to a consistent Th2 cell modification rather than a 

suppression of the host immune system, which includes parasite tolerance and dampening of 

bystander antigens, autoimmunity or allergy by direct secretion of anti-inflammatory molecules 

[113]. Moreover, this immunomodulation is possibly also responsible for the lack of an 

immunological memory, thus enabling rapid reinfections in endemic countries post-treatment 

[114]. Currently, research on immunomodulation is underway to elucidate the potential use of 
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helminths for therapy [111], but it also paves the way for novel therapeutic approaches for 

helminthiases and the development of anti-parasite vaccines [111, 115]. 
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2. Soil-transmitted helminth control strategies 

Historically, the fact that human helminths mainly cause non-specific and non-lethal acute 

symptoms, with morbidity slowly developing over years, limited the priority for control 

strategies, compared to other, more lethal diseases (e.g., HIV/AIDS, malaria and tuberculosis) 

[116]. However, due to the burden on childhood development and economic productivity 

caused by human helminths [116], control of STHs has become a public health priority in the 

two last decades [21]. The first global control strategy to combat STH infection was initiated in 

2001, when the WHA resolution urged member states to start periodic deworming of at least 

75% of at-risk SAC with benzimidazoles (i.e., albendazole, mebendazole) to continuously 

reduce the global disease burden [4].  

As mentioned in Chapter 1.4, soil plays an important role in all of the STH life cycles, thus, any 

successful control approach must prevent fecal contamination with eggs and contact with 

contaminated soil and water sources. Hence, the key public health policy for endemic countries 

should include the strategy to control morbidity by regular deworming, WASH interventions 

and health education [117]. 

 

2.1 Large-scale deworming 

World Health Organization introduced the term preventive chemotherapy (PC) for their control 

strategy to empirically treat populations at-risk of human helminth diseases without prior 

individual diagnosis in a defined geographic region. This strategy repeatedly reduces worm 

burden with the aim of limiting the progressive damage of recurrent infections [118, 119], with 

oral single-doses of albendazole and mebendazole, which are both benzimidazoles 

carbamates. This approach entails active identification of population groups at risk, delivery of 

a monodose of anthelmintic drugs often by non-medical personnel (community drug 

distributors, teachers or volunteers) and use of non-medical settings such as delivering the 

medication on a door-to-door approach to target population groups [120]. Albendazole and 

mebendazole have been extensively used since the 1980s and are still the most common 
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anthelmintic drugs, both as monotherapies and, more recently, in combination with other drugs 

(e.g., albendazole-ivermectin against lymphatic filariasis (LF)). The active metabolite of 

albendazole, albendazole sulfoxide, and mebendazole itself, selectively bind to the colchicine-

binding site of β-tubulin of the helminth’s microtubules to inhibit the microtubule polymerization. 

This subsequently leads to selective degeneration of cytoplasmic microtubules in intestinal and 

tegmental cells of intestinal nematodes and larvae [121-123].  

Preventive Chemotherapy is recommended as a yearly public health intervention for all 

children above 12 months of age in areas where any STH baseline prevalence is between 20 

and 50%. Bi-annual administration is recommended where prevalence exceeds 50% in a 

specific area [65]. The progress of implemented PC programs is ideally monitored every 2-3 

years and re-evaluated 5-6 years after annual PC implementation to determine the upcoming 

steps (Figure 4) [120].  

  

Figure 4. Decision tree by WHO for preventive chemotherapy for soil-transmitted 

helminthiasis.  
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TAS, transmission assessment survey. Adapted from the WHO’s 2030 targets [48]. 

The impact of PC is assessed by the change of infection intensities, which is known to be the 

indicator for STH attributable morbidity. Hence, the current goal of STH elimination as a public 

health problem is a prevalence under 2% of moderate and heavy infection intensities in pre-

SAC and SAC by 2030 [66]. 

According to recent estimates, 96 STH endemic countries were in need of PC in 2018 [124]. 

Mass drug administration (MDA) campaigns are usually organized by national health services 

that also undertake drug delivery. Such programs have been mainstays of STH control and 

their successful implementation on national scales have substantially reduced STH prevalence 

[125].  According to the WHO, more than 3.3 billion benzimidazole tablets have been donated 

to helminth endemic countries since 2010 [126]. The estimated costs for each treatment 

administration is 0.012-0.91 US$ [127, 128]. Funding for these MDA campaigns (also referred 

to as deworming) is provided by various sources, such as bilateral donors, the endemic 

countries, international organization trust funds and non-governmental development 

organizations [129]. In 2012, WHO published its first roadmap for the elimination of several 

NTDs by 2020. Likewise, the London Declaration on Neglected Tropical Diseases, a 

collaborative control program consisting of various players that committed to control, eliminate 

or eradicate NTDs by 2020, was created [130]. The goals put forth by WHO for 2020 was that 

(i) 75% of pre-SAC and SAC in need of chemotherapy are treated regularly and that a (ii) 75% 

coverage with PC is achieved in pre-SAC and SAC in 100% of countries [131]. This target was 

well on track in 2018, with a coverage rate of 60% for SAC and 40% for pre-SAC [126]. These 

aims were recently adjusted by WHO for 2030 and include (i) the achievement and 

maintenance of the elimination of STH morbidity in pre-SAC and SAC, (ii) the establishment 

of an efficient STH control program for adolescents, WRA and pregnant women and (iii) the 

certainty to provide universal access to at least basic sanitation and hygiene in STH endemic 

areas [48]. Hence, three population groups are now recognized as at-risk groups (i) SAC, initial 

target; (ii) pre-SAC; and (iii) WRA. However, various countries have not yet started to 
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implement strategies that also include the latter target population. In 2019, the pharmaceutical 

company Johnson & Johnson announced to extend the current donations by providing one 

billion of the newly formulated chewable mebendazole tablets to high-burden countries 

between 2021-2025 [132], which allows extending treatment to pre-SAC [133]. The PC 

coverage rate is expected to increase, as more endemic countries planned to scale up their 

PC programs. Estimates by Montresor et al. show, that if PC implementation continues to scale 

up, the STH attributable morbidity in children might be reduced to almost zero by 2025 [126, 

134]. However, the ongoing COVID-19 pandemic might hinder these developments due to 

postponed MDA campaigns. 

 

2.1.1 Limitation of preventive chemotherapy  

The success story of PC of being a cost-effective approach [135] to reduce STH attributable 

morbidity, is hampered by four main challenges.  

First, the currently used anthelmintic drugs show limitations in their efficacy profile [136]. 

Therefore, better treatment options with repeated and more frequent drug administration might 

be needed to further decrease local prevalence of helminth infections [137]. 

Second, the strategy of periodic drug administration does not prevent reinfection in areas 

where environmental and human behavioral factors favor transmission [92]. Hence, these 

affected individuals and population groups continue to be at risk of chronic long-term 

manifestations. High reinfection rates were demonstrated for A. lumbricoides and T. trichiura 

in a meta-analysis by Jia et al., showing that the prevalence 12 months post-treatment tends 

to regress back to pre-treatment levels [92].  

Third, even though the aim is to include WRA in STH control, delivering PC in adolescent girls 

and WRA remains a challenge; extra care is needed to ensure that girls and women are not 

pregnant. Moreover, this group may not be easily reached within the existing infrastructure and 

additional resources are potentially required [65]. In response to that, WHO is currently 

developing a policy paper supporting PC for pregnant women to keep STH morbidity low within 

this risk group [126].  

18



Fourth, because of extensive long-term use of the same anthelmintic drugs for the control of 

roundworms in livestock, frequent and rapid resistance to all three major anthelmintic classes 

(benzimidazoles, imidothiazoles-tetrahydropyrimidines and macrocyclic lactones) has 

developed. This should raise awareness for upcoming anthelmintic resistance in humans. 

Indeed, Moser et al. demonstrated a decrease in efficacy of albendazole against T. trichiura 

over the past two decades [136]. 

Despite the limitations of PC, MDA campaigns remain the cornerstone of STH control to attain 

elimination of helminthiases, therefore, future directions will be discussed in Chapter 10 of this 

PhD thesis. 

 

2.2 Integrated control approaches 

Due to the aforementioned limitations of PC, it is imperative to also develop more sustainable 

non-chemotherapeutic health interventions in order to make the control strategy more 

comprehensive.  

 

2.2.1 Water, sanitation and hygiene (WASH) 

The United Nation's General Assembly as well as the WHO adopted the aim to ensure 

universal access to basic sanitation and hygiene in STH endemic areas to be achieved by 

2030. This includes to end open defecation and to increase access to safely managed 

sanitation services, safe disposal of child feces, shoe-wearing and hand-washing [126, 138]. 

As transmission of STHs occurs via soil contaminated with human feces, leading to rapid 

reinfection, sustainable long-term solutions require improvements in WASH. WASH refers to 

the collective term “water, sanitation and hygiene” and includes strategies to improve the ability 

to access safe water (quality, quantity and the distance to the water source), adequate 

sanitation (e.g., ventilated-improved pit latrines including ways to separate human waste from 

human contact to prevent risk of contamination and exposure to feces harboring infectious 

STH eggs) and hygiene (e.g., nurturing good hygiene practices, such as handwashing with 
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soap) [89]. Improvements in WASH potentially lead to less soil and water contamination and 

therefore, reduce transmission [139]. Indeed, the risk of STH infection has been shown to be 

significantly decreased if sanitary facilities are in place and used [11]. Moreover, a systematic 

review and meta-analysis by Strunz et al. found that WASH access and practices were 

generally associated with reduced odds of STH infection [89]. These researchers indicated 

that improved WASH, including access to sanitation facilities, access to piped water, wearing 

shoes and handwashing with soap, were associated with a 33-70% lower odds of infection 

[89]. Nowadays, it is widely recognized that complementary control methods, in addition to the 

rather short-term effects of PC, are crucial to reduce the re-exposure to STHs and ultimately 

cut transmission. However, the magnitude of benefit, in terms of efficiency and cost-

effectiveness, from WASH interventions for STH control remains unclear [140]. Hence, 

context-specific, complementary interventions to support WASH programs and deworming 

need to be identified in future research. Some of these interventions might be relatively cheap 

and simple [141]; while piped water requires remarkable improvements in regional 

infrastructure, household and community scale water treatment using ultraviolet light emitting 

diodes to reduce exposure to helminth eggs and larvae might be a feasible and low-cost 

intervention [140]. Another strategy to reduce environmental contamination is the so-called 

“community-led total sanitation” (CLTS), which has already been successfully implemented in 

various settings. The aim of CLTS is to induce a change in sanitation behavior (e.g., end open 

defecation) stimulated by the community. The main strategy is to trigger local action that may 

lead to adoption, awareness and improvement of hygiene practices within the community 

[142]. 

Moreover, progress in WASH will not only reduce STH infections, but is likely to have a positive 

impact on other pathogens, including intestinal protozoa, bacterial and viral infection that cause 

severe diarrhea [143], society and the well-being of people living in resource-constraint 

countries [141]. 
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2.2.2 Health education 

Helminthiasis is a preventable disease and, thus, a crucial factor for successful improvements 

in helminth control might be achieved with health education. The primary goal of health 

education is to induce individual behavior changes by improving knowledge, attitudes and 

practices to reduce the risk of infection [144]. Hence, health education together with control 

strategies, such as PC, might enhance the impact of control strategies by increasing 

acceptance for treatment, leading to optimized treatment coverage and by creating awareness 

for a disease within the community [86]. A cluster-randomized intervention study in China 

observed that the incidence of infection with STHs was 50% lower in children receiving a 

health-education package over a period of one year. Another study from the Peruvian Amazon 

reported similar results, as the implemented school-based health hygiene education 

intervention was effective in increasing STH knowledge as well as reducing A. lumbricoides 

infection. In addition, the effect of health education might be optimized, when parents and 

teachers are involved in education interventions [145]. Based on the rationale, that the risk of 

STH infection and reinfection could be reduced [86, 146] through adequate knowledge and 

sustained behavioral changes, the integration of health education strategies as a 

complementary measure in disease control is, therefore, recommended by WHO [45]. Such 

health education interventions may be delivered inexpensively by teachers in schools, by 

strengthening health-related behavior in children [147, 148]. Moreover, behavioral changes 

might be best achieved and sustained with simultaneous improvements in infrastructure (i.e., 

increase of latrine and safe water use) to facilitate proper daily hygiene practices. However, to 

date, integration of such complementary interventions remain insufficiently funded [149]. 
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3. Anthelmintic drug efficacies 

The two indicators used to assess the efficacy of an anthelmintic drug in human medicine, are 

the cure rate (CR) and the egg reduction rate (ERR). Cure rate is a qualitative measure of the 

percentage of infected individuals at baseline that no longer excrete eggs post-treatment. The 

ERR is a quantitative indicator and describes the relative change in eggs per gram post- 

compared to pre-treatment. 

3.1 Current treatment options 

Albendazole (dose of 400 mg), ivermectin (dose of 200 µg kg-1), levamisole (dose of 2.5 mg 

kg-1), mebendazole (dose of 500 mg), niclosamide (dose of 500 mg), praziquantel (dose of 40-

60mg kg-1) and pyrantel (dose of 10 mg kg-1) are currently on the Essential List of Medicines 

by WHO used against intestinal helminths [150]. Single doses of 400 mg of albendazole or 500 

mg of mebendazole are used in most MDA campaigns, while a half dose of albendazole (200 

mg) is suggested for children aged 1-2 years [44]. Additionally, albendazole and mebendazole 

can also be administered to pregnant and lactating women, with exception of the first trimester 

in pregnancy. However, in practice, only Nepal and Sri Lanka have included anthelmintics in 

their antenatal care programs so far [151].  

In 2013, WHO published reference efficacies of albendazole and mebendazole to reduce the 

influence of suboptimal drug regimens, when evaluating other anthelmintic drugs (Table 1).  

Table 1. Reference efficacy for benzimidazoles, the standard of care (adapted from WHO, 

2013 [152]). 

STH species 

Reference efficacy  
(arithmetic mean-based egg reduction rate, %) 

albendazole 
(chewable tablet, 400 mg) 

mebendazole 
(500 mg) 

Trichuris trichiura ≥ 50 ≥ 50 

Ascaris lumbricoides ≥ 95 ≥ 95 

Hookworm ≥ 90 ≥ 70 
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A review and meta-analysis by Moser et al. in 2017 on albendazole, mebendazole, levamisole 

and pyrantel found that all of these drugs show high efficacy, both in terms of CRs and ERRs, 

against A. lumbricoides. Efficacy results for hookworm depend highly on the drug used, with 

only albendazole showing acceptable results (CR = 80%, ERR = 90%). However, none of the 

drugs showed sufficient performance against T. trichiura, with mebendazole revealing the 

highest efficacy (CR = 42%, ERR = 66%) [136].  

 

3.2 Approaches to improve efficacy 

The present tiny pharmacopeia of available anthelmintics, the low CR of the currently used 

drugs, particularly against T. trichiura [136], the extensive and repeated use of these drugs in 

MDA programs [153], and the contraindication in early pregnancy, depict the urgency for novel 

treatment options. However, drug discovery and development are hampered by high costs, 

long durations and an inherent risk of failure to develop new treatments.  

One strategy to improve the efficacy of the currently used drugs is to apply a multiple dose 

regimen: multiple doses on the same day, single doses over multiple days or multiple doses 

over multiple days. Indeed, several studies found considerably higher efficacy against 

hookworm when mebendazole was administered once or twice over three consecutive days 

compared to a single dose regimen [154-157]. In addition, some studies reported considerably 

higher efficacy for a triple dose of albendazole (one dose over three consecutive days) 

compared to a monodose against hookworm and T. trichiura infections [157-159], while a 

multiple dose regimen with mebendazole did not substantially increase efficacy against T. 

trichiura [154, 160]. Another strategy might be the use of higher doses of the standard 

medication. Recent studies by Patel et al. found higher efficacy with a single 800 mg dose of 

albendazole against hookworm, but not against T. trichiura [161, 162]. In any case, in 

anticipation of the development of potential drug resistance, due to high drug pressure, other 

strategies should be investigated. The use of drug combinations might be one way forward to 

improve efficacy, due to dissimilar modes of action, and to potentially delay drug resistance. 
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Several studies show that combination of two or three anthelmintic drugs increase efficacy 

[163-168] and mathematical modelling indicated that the likelihood of development of human 

resistance to anthelmintics is significantly delayed when drug combinations are used [169]. In 

addition, drug repurposing might bypass some of the obstacles described above by 

investigating existing compounds or advanced clinical candidates for new therapeutic 

purposes [170]. Therefore, the use of repurposed drugs in combination with the standard of 

care might emerge as promising broad-spectrum antiparasitic therapy approach by enhancing 

treatment efficacies. 

 

3.3 Promising drug alternatives  

In 2016, the Bill and Melinda Gates Foundation hosted an expert panel to review existing data 

on potential drug candidates that could be used in combination with the standard of care. The 

two repurposed drugs, moxidectin and ivermectin, in combination with albendazole, were both 

on this list. Within the framework of this PhD work, efficacies and safety of moxidectin and 

ivermectin were assessed in two clinical trials; hence, I will briefly introduce these drugs.  

 

3.3.1 Moxidectin 

Moxidectin was developed in the 1980s, first sold in 1990 and is, since then, widely used in 

veterinary medicine against heartworms, lungworms and whipworms [171]. Moxidectin is a 

macrocyclic lactone of the milbemycin class, which is a semi-synthetic product from the 

actinomycete Streptomyces cyanogriseus [172]. The compound binds to gamma-aminobutyric 

and glutamate-gated chloride channels with high affinity. The increase of chloride ion influx 

leads to hyperpolarization of the targeted cells, resulting in paralysis of the body-wall muscles 

and the pharynx of nematodes [173].  

The white tablet is available in 2 mg doses and is administered orally in a weight and height 

independent manner. Moxidectin is rapidly absorbed, but drug concentration declines only 

slowly in the plasma, resulting in a half-life time of 20 to 35 days [174]. Food intake can 
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modestly slow the absorption and increases the bioavailability, but these increases are not 

clinically relevant. Hence, moxidectin can be dosed regardless previous food intake [175]. 

Moxidectin is minimally metabolized in the liver by cytochromes P450 and is mostly excreted 

via the feces [176]. To date, no relevant effects of intrinsic factors (demography, hepatic 

function) nor extrinsic factors (drug-drug interactions, effect of food) have been detected [174], 

exhibiting an ideal profile for a global use in medicine.  

In 2018, the United States Food and Drug Administration (FDA) approved 8 mg of moxidectin 

for the human use against onchocerciasis in individuals aged 12 and older. A previous trial by 

Barda et al. using 8 mg of moxidectin in combination with albendazole showed promising 

efficacy against T. trichiura (CR = 51%, ERR = 98.5%) [177]. However, the optimal dose of 

moxidectin to be used against T. trichiura and concomitant STH infections is yet to be 

determined. Therefore, we conducted a phase II randomized, placebo-controlled, dose-finding 

trial on Pemba Island in adolescents testing the efficacy and safety of 8, 16 and 24 mg of 

moxidectin alone and in combination with albendazole against T. trichiura and concomitant 

STH infections.  

 

3.3.2 Ivermectin 

Ivermectin was discovered in 1975 in Japan and was used first in animals in 1981 [178]. Hence, 

it was the first commercially available macrocyclic lactone endectocide [179]. Six years later, 

ivermectin was approved for human use after the conduct of several successful clinical trials 

on onchocerciasis in Senegal [180-182]. Since then, ivermectin (Stromectol®, Scabo 6®) has 

been marketed by several pharmaceutical companies and is currently used successfully 

against gnathostomiasis, myasis, onchocerciasis, pediculosis, scabies and strongyloidiasis 

[183]. Therefore, their discoverers shared the Nobel Prize in Medicine together with the 

discoverers of artemisinin in 2015 [184]. 

Ivermectin derives from the avermectins, a class of broad-spectrum antiparasitic agents, which 

are isolated from the fermentation products of Streptomyces avermitilis. The primary targets 

are the glutamate-gated chloride ion channels that are present in invertebrate nerve and 
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muscle cells. The mode of action is, thus, similar to moxidectin, as described above. Although 

ivermectin is active against several life cycle stages of many nematodes, it shows limited 

activity against some nematode stages (e.g., adult form of Onchocerca volvulus). Recent 

studies describe potential additional targets in helminths (lipid metabolism, oxidative 

phosphorylation and acetylcholine receptor agonists), which need further investigations [185, 

186]. 

The white tablet is available in a 3 mg formulation and is administered orally in a weight-

dependent manner. Plasma concentrations are approximately proportional to the dose and the 

plasma half-life in humans is around 18 hours after administration. Ivermectin is metabolized 

in the liver (mainly by cytochrome 450 enzymes) and its metabolites are almost completely 

excreted in the feces within 12 days post administration. A high-fat meal prior to administration 

resulted in an approximate 2.5-fold increase in bioavailability than the administration in the 

fasted state. Ivermectin has been extensively proven safe in humans treated in control 

programs for onchocerciasis. Hence, administration by non-medical staff with basic training in 

remote communities can be applied and, thus, exhibit beneficial effects for the most rural 

communities in need for treatment. 

Long-term studies with ivermectin, when used in MDA campaigns for onchocerciasis, showed 

considerably reductions in STH prevalence [187], which paved the way to also test its efficacy 

against STHs. Indeed, a recent meta-analysis by Palmeirim et al., showed higher efficacy of 

ivermectin combined with albendazole against T. trichiura compared to albendazole alone 

[188]. In 2017, the use of ivermectin was added to the WHO Lists of Essential Medicines [189], 

preceding the application in deworming programs. The second and third objective of this PhD 

thesis was to evaluate the ivermectin-albendazole combination in different transmission 

settings in a broad age range (6-60 years) and for a prolonged monitoring period of one year 

[190] in order to inform STH guidelines and programs on the potential benefit of the combined 

use of ivermectin and albendazole against trichuriasis.  
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4. Diagnosis of soil-transmitted helminths 

Soil-transmitted helminth infections are often asymptomatic or non-specific to helminths. 

Therefore, it is imperative to have reliable diagnostic tools for the accurate determination of 

the STH infection status and infection intensity. Adult female worms lay hundreds of eggs per 

day that are passed in feces, hence, diverse diagnostic approaches including microscopy 

(detection of eggs or larvae), serology (detection of antibodies and antigens), molecular 

techniques or radiology, have been employed and improved over the past decades [191]. The 

assessment of drug efficacy, community effectiveness of interventions, verification of local 

disease elimination and individual patient management strongly rely on the accuracy, defined 

by sensitivity and specificity, of the diagnostic tool [192-194]. However, the diagnosis of 

helminths has always been cumbersome and is hampered because of, but not limited to: (i) 

uneven distribution of eggs within a single stool sample (within sample variations), (ii) day-to-

day fluctuations of egg excretion (between sample variations), (iii) egg count being too low for 

detection in stool, (iv) amount of stool sample affecting the number of eggs present in the 

sample and (v) samples not being transported or stored properly [195, 196]. Additionally, 

polyparasitism is common and it remains a challenge to develop a reliable diagnostic tool that 

can provide an accurate diagnosis of all different helminth species. Despite considerable 

developments to control STH infections over several decades, consensus on a harmonized 

quality-assured diagnostic tool is still lacking. This might be mostly because of differing 

requirements for a diagnostic tool, depending on the study purpose, such as the use in control 

programs (morbidity reduction), elimination studies or drug efficacy trials. 

Guidelines by WHO for the selection of a diagnostic tool called ASSURED (affordable, 

sensitive, specific, user-friendly, rapid and robust, equipment-free, and deliverable to end-

users) can be used as a benchmark for identifying the most appropriate tool for STH diagnosis 

[197, 198]. The burden of parasitic infections is highest in areas with limited resources, 

targeting morbidity reduction through MDA. The choice of diagnostic tools in control programs 

of resource constrained settings thus mostly rely on simplicity (user-friendly and equipment-
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free), robustness and cost-effectiveness (i.e., time and resources required per test) [194]. 

Conventionally, the established methods to detect and quantify parasites (i.e., eggs of a 

parasite) depend on light microscopy. Several copromicroscopic methods have been 

developed (such as the ether-concentration and McMaster techniques), of which the Kato-Katz 

thick smear remains the only technique recommended by WHO [152]. The duplicate Kato-Katz 

technique was developed more than half a century ago and is a non-invasive and relatively 

simple method for the detection of STH and other helminth eggs in fecal samples [152, 199, 

200]. This copromiscroscopic method examines ~41.7 mg of a stained and sieved fecal sample 

to quantify stained eggs under the microscope (Figure 5). The preparation of a duplicate Kato-

Katz thick smear (two smears of the same stool sample) requires around 27 minutes and costs 

about 2.1 US$ [201].  

 

Figure 5. Kato-Katz reading under a light microscope on Pemba Island, Tanzania.  

Photos captured by Ladina Keller, 2019. 

 

Because a known amount of stool is analyzed, the egg counts can be expressed as infection 

intensity and classified into light, moderate and heavy, according to WHO recommendations, 

based on guidelines established by Montresor et al. (Table 2) [47].  
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Table 2. Classes of infection intensity for soil-transmitted helminths (adapted from 

Montresor et al., 1998 [47]). 

STH species 
Light infections 

[EPG] 

Moderate infections 

[EPG] 

Heavy infections 

[EPG] 

Trichuris trichiura 1-999 1'000-9'999 ≥ 10'000 

Ascaris lumbricoides 1-4'999 5'000-49'999 ≥ 50'000 

Hookworm 1-1'999 2000-3'999 ≥ 4'000 

 

Noteworthy, the outer layer of hookworm eggs desiccates once the microscope slide is covered 

with a glycerol-malachite green soaked cellophane paper [200]. The interval between the Kato-

Katz slide preparation and examination under a microscope should ideally not exceed 30-45 

min to avoid underestimation of hookworm prevalence [202, 203].  

However, the Kato-Katz technique is known to have low sensitivity for light STH infections 

[204, 205]. Because of that, the Kato-Katz method may lead to an underestimation of the actual 

prevalence, which in turn could result in an artificial inflation of CRs from undetected residual 

low-egg count infections post-treatment. As an effort to overcome this limitation, the 

performance of the Kato-Katz technique can be improved when multiple samples on different 

days and multiple examinations of the same sample are examined [204, 206, 207]. Other 

limitations include the limited possibility for sample storage [208] and the disintegration of 

hookworm eggs within one hour [209]. Of note, as co-infections with multiple STH species are 

common, well-trained laboratory technicians are necessary to accurately assess the different 

helminth species.  

Whereas the use of less sensitive tools seems to be sufficient for morbidity control in endemic 

areas, the use of highly sensitive methods is required to accurately assess the actual 

prevalence and infection intensity in low prevalence settings because of regular deworming 

[191, 194]. Evidence-based decision-making is warranted in countries with implemented MDA 

programs to measure the progress of regular deworming and to determine when programs can 

start to scale down [45]. Moreover, research and development of more sensitive tools are of 
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importance for clinical trials studying drug efficacies and to detect the possible occurrence and 

spread of resistance against single dose anthelmintics [152, 210].  

The FECPAKG2 is an online, complete remote-location diagnostic tool that was developed to 

detect helminth infections and to assess drug efficacies in cattle and sheep [211]. A device 

produces images of helminth eggs that have been accumulated into one microscopic field of 

view. Images are stored by the associated software or on a cloud storage for (re-)evaluation 

[212, 213]. The major improvement compared to the Kato-Katz technique is that FECPAKG2 

bears the potential for standardized quality control and, hopefully in future, automatic detection 

and quantification of eggs by an egg recognition software [213, 214]. Thus, this method would 

not be in need for skilled technicians. However, in 2018, Moser et al. found lower sensitivity to 

detect any STH infection when assessed by FECPAKG2 compared to Kato-Katz [215]. 

Therefore, sensitivity of FECPAKG2 needs to be further improved in order to become a reliable 

diagnostic tool for the coprological detection of STH infections.  

Another potential future diagnostic tool is the FLOTAC (including mini-FLOTAC) technique that 

has been adapted from veterinary medicine for the diagnosis of STH infections in humans. It 

is conceived to perform a fast, multivalent, qualitative and quantitative diagnosis for fecal egg 

count by combining flotation, centrifugation and translation using a single FLOTAC apparatus 

[57, 191, 200]. Compared to the Kato-Katz technique, the FLOTAC technique examines up to 

1 g per fecal sample, which is 24-fold more than a single Kato-Katz thick smear [216], leading 

to a theoretically higher analytic sensitivity [191]. Moreover, FLOTAC can be used on 

preserved stool samples after several days [208, 216]. In various studies, the FLOTAC method 

showed higher sensitivity compared to multiple Kato-Katz thick smears for STH diagnosis [205, 

217-220]. The higher sensitivity derives from eggs being separated from fecal material through 

centrifugation, thus, making it easier to analyze compared to slides prepared with the Kato-

Katz method [221-223]. However, the FLOTAC method remains more time-consuming and 

require more sophisticated resources, such as a centrifuge [223]. Further optimization of this 

technique, including the harmonization, validation and standardization of current protocols, is 
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needed to evaluate whether FLOTAC presents a viable alternative to the Kato-Katz technique 

in STH control programs or drug efficacy studies [223].  

Nucleic acid-based detection is the most used molecular technique in microbiology and 

virology. Over the past decades, efforts have been made to also implement molecular 

techniques in clinical helminthology in order to increase sensitivity and specificity in the 

diagnosis of intestinal helminths. Different protocols for polymerase chain reaction assays 

have been developed and published [224-228] and vary from semi-quantitative to multiplex 

real-time polymerase chain reaction (qPCR), including a recently developed next-generation 

sequencing-based repeat analysis [228]. Most studies observe a generally higher specificity 

and sensitivity of molecular diagnostics (primarily qPCR) compared to the Kato-Katz thick 

smear stool examination, with rare exceptions [205, 229-232]. However, the described method 

requires experienced laboratory personnel, expensive material and a well-equipped laboratory 

and is, thus, unlikely to become the routine diagnostic tool in resource-constrained settings in 

the near future [233]. Furthermore, evaluations on drug efficacy using molecular approaches 

are scarce, even though monitoring drug efficacy in the light of possible upcoming anthelmintic 

resistance is of high importance. Therefore, we compared the performance of the microscopic 

Kato-Katz method to qPCR and its impact on drug efficacy and day-to-day variation as 

specified in objective 3. Further, sensitivity is the most important factor when transmission 

control should be achieved. Therefore, DNA-based assays might be of interest to confirm that 

STHs have been eliminated as a public health problem and might also be considered in post-

elimination surveillance phases [197]. 

Moreover, although the use of rapid diagnostic tests (RDTs) has shown tremendous advances 

in improving diagnosis of other parasites (e.g., malaria), the development of diagnostic 

approaches to detect antigens of intestinal helminths is hampered, mostly due to cross-

reactivity between antigens of different STH species that can affect specificity of the test [191]. 

Another possibility would be the development of bio-informatic tools to identify potential 

biomarkers of STH parasites that could be further developed into antigen/antibody tests [191, 

234].  

31



5. Study sites 
 

5.1 Pemba Island, Tanzania 

Both clinical trials, which were part of this PhD project, took place on Pemba Island that 

belongs to the Zanzibar Archipelago, United Republic of Tanzania, in East Africa. Pemba 

Island, also known as the «Green Island», has a tropical climate with an average temperature 

of 25.5°C degrees. The wet season on Pemba has two periods: the heavier Masika rains from 

the south occurring from mid-March to May, and the Vuli rains from northeast during November 

and December. The hottest period occurs from December to end of March, marked by periods 

with insufficient access to water for domestic and recreational use. According to the latest 

census from 2012, Pemba Island was inhabited by around 400’000 people, with 80% living in 

small villages. The main economies of Zanzibar are subsistence agriculture, fishing and the 

export of cloves and seaweed. In 2013, life expectancy at birth was 66 years for both sexes, 

with a total fertility rate of 4.9 children per woman. The infant mortality rate with data from the 

same year was with 38.4 infant deaths per 1’000 live births, high [235]. Malaria prevalence has 

been successfully decreased by combined interventions and is thus not considered a public 

health problem anymore. However, modern health care is lacking at village level, although 

several small hospitals are present in different parts of Pemba Island. The water in the villages 

is mostly piped, but water sources are not protected nor treated [236].  

Pemba Island is divided into two regions, the North and the South, with two districts in each 

region. Our collaborating institute, the Public Health Institute – Ivo de Carneri (PHL-IdC) is 

based close to the capital, Chake Chake in South Pemba. The first clinical study site 

(moxidectin dose finding trial) in 2018 took place in two secondary schools, in Kengeja and 

Chambani in South Pemba. The second clinical study (ivermectin-albendazole trial) was 

conducted in the Shehia (lowest administrative unit) of Pujini, in the sub-villages of Dodo and 

Pujini, also in South Pemba. The sampling areas were all located 10-30 km away from the 

PHL-IdC (Figure 6).  
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Figure 6. Study sites on Pemba Island, Tanzania.  

The surveyed schools of the first trial (objective 1) are colored in green; the surveyed 

communities (objectives 2-5) are colored in blue. 

 

5.2 Helminth control programs in Zanzibar, Tanzania 

Soil-transmitted helminth infections were perceived as a major public health problem in 

Zanzibar in the early 1990s. Two school surveys in 1988 and 1992 and one community survey 

in 1991 found that over 85% among all surveyed people (aged 1-85 years) and 99% of SAC 

harbored at least one of the three major STH species [237-239]. Following that, a national 

program for helminth and LF control started to be integrated into the previously initiated 

schistosomiasis initiative by the Ministry of Health and Social Welfare. In 1992, SAC started to 

be periodically treated with a single oral dose of mebendazole (500 mg) [237]. Control efforts 

were less consistent between 1999 and 2009. However, in 2010, the Ministry of Health of 

Zanzibar revised its strategy for STH and schistosomiasis control, recommending increased 
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treatment frequency, from annual to bi-annual treatment. Between 2001 and 2006, and 

between 2013 and 2015, ivermectin-albendazole was distributed community-wide against LF 

[240]. The Zanzibar education system has adopted a 12-year compulsory education cycle 

without school fees leading to a high school attendance rate (85% of eligible children finalized 

the last primary grade level) since 2015 [241]. However, despite these successfully 

implemented control programs to reduce prevalence of STH, schistosomiasis and LF, the 

prevalence of STH remains high [154, 166, 242, 243]. This constant high STH prevalence 

might not only be a result of worm-favorable environmental conditions and individual risk 

factors, but is potentially also influenced by a vast majority of people living in poor hygienic 

conditions [236].  

 

5.3 Other study sites 

Objectives 2-5 of this PhD project were conducted in the framework of a multi-country RCT 

including Pemba Island, Côte d’Ivoire and Lao PDR. The collaborating institutions were the 

Centre Suisse de Recherches Scientifiques (CSRS) en Côte d’Ivoire, based in Abidjan and the 

Lao Tropical and Public Health Institute (Lao TPHI), located in the capital Vientiane. Soil-

transmitted helminth prevalence substantially decreased in Côte d’Ivoire during the past 

decades, as large-scale deworming with ivermectin against onchocerciasis started in the early 

2000s, followed by the integration of albendazole against LF in 2010 [244]. According to WHO, 

coverage of implemented PC programs was ≥75% within the last five years [48]. In Lao PDR, 

bi-annual MDA with mebendazole in pre-SAC and SAC was implemented since 2006, 

however, several studies continued to report high STH prevalence [245-247]. Though, a high 

coverage (≥75%) was reached for more than five years [48]. 

A multi-country approach was chosen to strengthen the evidence of drug efficacies in 

epidemiological distinct settings. 
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Chapter 2 Aim and objectives of the thesis 

The overall goal guiding this PhD project was to contribute to the body of evidence on improved 

treatment options against STHs, with a particular emphasis on T. trichiura. This PhD project 

involved two clinical trials: the first RCT (objective 1) was a dose-finding study on moxidectin, 

while the second RCT (objectives 2-5) was a study on ivermectin-albendazole versus the 

standard of care, albendazole. In more detail, the following objectives were specified for the 

present PhD work: 

1) To compare the efficacy and safety of ascending doses of moxidectin alone and in

combination with albendazole against T. trichiura infections in adolescents

2) To evaluate the short and long-term outcomes 14-21 days, six and 12 months post-

treatment of ivermectin-albendazole versus albendazole alone against T. trichiura

infections in children and adults aged between 6 and 60 years

3) To compare the performance of the microscopic Kato-Katz method to the molecular

qPCR and its impact on drug efficacy and day-to-day variation

4) To test FOB and FC as potential surrogate markers for STH attributable morbidity

5) To report the insights gained from the ivermectin-albendazole trial on trial methodology,

trial procedures and mitigation strategies to overcome challenges faced during clinical

research taking place in resource-limited healthcare environments

The results gained from these two clinical trials and sub-studies will help to better plan future 

recommendations on large-scale helminth control programs. 
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Efficacy and Safety of Ascending Dosages of Moxidectin 
and Moxidectin-albendazole Against Trichuris trichiura in 
Adolescents: A Randomized Controlled Trial
Ladina Keller,1,2,a Marta S. Palmeirim,1,2,a Shaali M. Ame,3 Said M. Ali,3 Maxim Puchkov,4 Jörg Huwyler,4 Jan Hattendorf,1,2 and Jennifer Keiser1,2
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Background. Preventive chemotherapy is the main strategy to control soil-transmitted helminth (STH) infections. Albendazole 
and mebendazole are ubiquitously used, but they are not sufficiently effective against Trichuris trichiura. Moxidectin might be a 
useful addition to the small drug armamentarium. However, the optimal dosage of moxidectin  alone and in combination with 
albendazole against T. trichiura and other STHs has not yet been determined.

Methods. A Phase II, randomized, placebo-controlled, dose-finding trial was conducted in 2 secondary schools on Pemba Island, 
Tanzania. Using a computer-generated list, T. trichiura–infected adolescents were randomly assigned to 7 treatment arms: 8, 16, or 
24 mg of moxidectin monotherapy; 8, 16, or 24 mg of moxidectin plus 400 mg of albendazole combination therapy; or placebo. The 
primary outcome was cure rate (CR) against T. trichiura, analyzed 13 to 20 days after treatment by quadruple Kato-Katz thick smears.

Results. A total of 290 adolescents were enrolled (41 or 42 per arm). CRs against T. trichiura were 43, 46, and 44% for 8, 16, and 
24 mg of moxidectin alone, respectively; 60, 62, and 66% for the same moxidectin dosages plus 400 mg of albendazole, respectively; 
and 12% for placebo. The moxidectin-albendazole arms also revealed higher CRs and egg reduction rates against hookworm than 
the monotherapy arms. Moxidectin and its combination with albendazole were well tolerated.

Conclusions. Moxidectin-albendazole is superior to moxidectin. There is no benefit of using doses above 8 mg, which is the 
recommended dose for onchocerciasis. The moxidectin-albendazole combination of 8 mg plus 400 mg should be investigated fur-
ther to develop recommendations for appropriate control of STH infections.

clinical Trials Registration. NCT03501251.
Keywords. moxidectin; Trichuris trichiura; trichuriasis; soil-transmitted helminths; albendazole.

Soil-transmitted helminthiases are caused by Ascaris 
lumbricoides, Trichuris trichiura, and hookworm (Ancylostoma 
duodenale and Necator americanus). Soil-transmitted helminths 
(STHs) infect about 2 billion people worldwide, mostly in trop-
ical and subtropical regions [1]. The global burden of STH 
infections was almost 2 million disability-adjusted life years 
in 2017 [2]. Children living in less-developed settings, with 
crowded living conditions, inadequate sanitation, and lack of 
access to clean water, harbor the most intense infections [3–6].  
These diseases can cause considerable burdens, including 
 dietary deficiencies, anemia, physical and cognitive retardation 
in children, and reduction in work performance in adulthood 

[3, 7–10]. The World Health Organization (WHO) recommends 
an integrated approach for control, elimination, and eradication 
of STH infections that combines preventive chemotherapy with 
health education and access to clean water and improved san-
itation. Preventive chemotherapy is the regular administration 
of a single dose of an anthelminthic drug to at-risk populations 
(annually or biannually, depending on the prevalence of STH) 
and its promoted by the WHO due to its simple implementa-
tion and strong impact on morbidity by decreasing the worm 
burden. There are 4 drugs and 1 drug combination listed on the 
WHO Model List of Essential Medicines against STH infections 
[11]. Albendazole and mebendazole are by far the most com-
monly used, but their repeated administration increases the risk 
of drug resistance [12–14]. Moreover, both drugs show limited 
efficacy against T. trichiura infections and only albendazole is 
moderately effective against hookworm [13, 15]. Hence, re-
search for the identification of new drugs and alternative treat-
ment options is urgently needed [13, 16].

Moxidectin, a macrocyclic lactone, is licensed and marketed 
worldwide by a number of companies as a veterinary 
anthelminthic agent and was recently approved by the US Food 
and Drug Administration against onchocerciasis in humans 
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[17]. A  recent trial by Barda et  al [18] showed high efficacy 
of moxidectin in coadministration with albendazole against 
T. trichiura at the dose (8 mg) recommended for onchocerciasis. 
However, the optimal dosage for moxidectin against T. trichiura 
is yet to be determined. The aim of this study was to compare the 
safety and efficacy of ascending dosages of moxidectin alone and 
in combination with albendazole against T. trichiura.

METHODS

Study Design, Area, and Population

This Phase II, parallel, randomized, placebo-controlled, dose-
finding trial was conducted on Pemba Island, Republic of 
Tanzania, from 4 July to 11 August 2018. Adolescents aged 
16–18  years and attending secondary school (Kengeja and 
Chambani in the Mkoani District) were invited to participate 
in the study.

Ethical Considerations

Ethical clearance was granted by the Ministry of Health and 
the Zanzibar Medical Research and Ethics committee (refer-
ence number ZAMREC/0002/Dec/2018) and by the Ethics 
Committee of Northern and Central Switzerland (reference 
number 2018-00053). This trial is registered on ClinicalTrials.gov 
(NCT03501251).

Permission for conducting this clinical trial in schools was 
obtained by the local Ministry of Education and accepted by 
the headmasters. Caregivers (of adolescents aged <18) or the 
adolescents themselves (if 18 years old) were invited to an in-
formation session. These sessions included a description of 
the study’s purpose, procedures, benefits and of the potential 
risks of participation, followed by an open discussion. Illiterate 
caregivers gave a thumbprint and an impartial witness signed 
to guarantee all the information in the informed consent was 
properly explained; there was no illiterate adolescent.

Eligibility Criteria

Adolescents (16–18  years old) were eligible if they provided 2 
stool samples and were positive for T. trichiura. Adolescents were 
excluded if they fulfilled any of the following criteria: pregnant or 
breastfeeding; severely anemic (hemoglobin < 8.0 g/dl); had any 
known chronic or systemic illness; had received anthelminthic 
treatment or any other investigational drugs within the past 4 
weeks; or had a known or suspected allergy to moxidectin or 
albendazole. In the protocol, adolescents with less than 2 positive 
slides or 100 eggs per gram of stool (EPG) were supposed to be 
excluded. This exclusion criterion was dropped, due to unexpect-
edly low infection intensities.

Randomization and Treatment

A computer-generated randomization code (block size of 
7) was provided by the trial statistician (J. Ha.). The randomiza-
tion list was stratified according to baseline infection intensity 

into light and moderate or heavy infections based on the of-
ficial WHO cut-offs [19]. Eligible participants were enrolled 
(by L. K. and M. S. P.) and randomly assigned 1:1:1:1:1:1:1 to 1 
of the 7 treatment arms: (1) 8 mg of moxidectin, (2) 16 mg of 
moxidectin, (3) 24 mg of moxidectin, (4) 8 mg of moxidectin 
plus 400  mg of albendazole, (5) 16  mg of moxidectin plus 
400 mg of albendazole, (6) 24 mg of moxidectin plus 400 mg of 
albendazole, or (7) placebo. Because it is known that albendazole 
has low efficacy against T. trichiura, we did not consider a treat-
ment arm with albendazole alone. Moxidectin tablets were 
manufactured at the University of Basel. Albendazole (Zentel; 
400  mg) was the product of GlaxoSmithKline (UK) and pla-
cebo tablets were purchased from Fagron (Germany). Each 
drugs’ quality was approved by the Zanzibar Food and Drug 
Board (reference number MMBLZ/16/2018). Treatment allo-
cation was concealed: prior to the trial, 2 people independent 
to the study prepared sealed, opaque, and sequentially num-
bered envelopes containing the treatment arm for each partici-
pant. Outcome assessors and the trial statistician were blinded. 
Participants were not blinded, as they received different num-
bers of tablets depending on their treatment arm.

Study Procedures

Participants received a plastic container marked with their 
unique identification numbers and were asked to provide a 
fresh stool sample on the next day. After returning the first con-
tainer, they received a second container for the collection of the 
second sample within 5 days, when possible. Fecal samples were 
transported to the Public Health Laboratory Ivo de Carneri for 
examination using duplicate Kato-Katz thick smears [20]. Within 
1 hour after preparation, to avoid over-clearing of hookworm 
eggs, the slides were quantitatively analyzed for helminth eggs 
under a light microscope by experienced technicians [21]. An in-
dependent quality control was conducted for 10% of the samples. 
Results were considered correct if the following tolerance 
margins were not exceeded: (1) no difference in the presence/ab-
sence of A. lumbricoides and T. trichiura, and (2) egg counts were 
±10 eggs for counts ≤100 eggs or ±20% for counts >100 eggs (for 
each species separately) [21]. When a control result was above the 
tolerance margin, the slide was reread. In the case of discordant 
results, the slide was reevaluated to reach consensus. Quality con-
trol for hookworm was slightly different: 10% of samples were 
divided into 2 containers, and 1 container kept the original par-
ticipant identification number while the other was labeled by the 
coinvestigator with a new identification number. Therefore, lab-
oratory technicians read 3 slides from the same sample without 
knowing to which sample the third slide belonged to.

Before treatment, physicians performed a clinical and physical 
examination to each eligible adolescent for any acute or chronic 
illness. The medical history was assessed using a standardized 
questionnaire. Height was measured with a standard meter (to 
the nearest 0.1 cm), weight with an electronic balance (to the 
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nearest 0.1 kg), and girls provided a urine sample to check for 
pregnancy (Occidem Biotech, UK). Participants were kept for 
observation for 3 hours. Adolescents were interviewed by the 
study physicians 3, 24, 48, and 72 hours and 13 to 20 days after 
treatment about the occurrence of adverse events. There were 
2 additional stool samples collected at follow-up, between 13 
and 20 days posttreatment. Participants who remained positive 
for T. trichiura received albendazole, the current recommended 
drug against T. trichiura [1].

Outcomes

The primary outcome was cure rate (CR) against T.  trichiura. 
Secondary outcomes were efficacy against T. trichiura in terms 
of egg reduction rate (ERR), CR and ERR against A. lumbricoides 
and hookworm, and drug safety, which was examined at 5 time 
points (3, 24, 48, and 72 hours and 13 to 20 days after treatment) 
using a short questionnaire.

Sample Size

Based on an earlier study [18], we assumed true CRs of 2.5% 
for placebo; 15, 30, and 50% for the moxidectin monotherapy 
arms (8, 16, and 24  mg, respectively); and 50, 70, and 90% 
for the moxidectin/albendazole combination chemotherapy 
arms (8, 16, and 24  mg, respectively). The main aim was to 
investigate the nature of the dose-response relationships. 
Simulations showed that with 40 participants enrolled in each 
arm, the dose response prediction model had a median pre-
cision (1 half-length of the 95% confidence intervals) of 10% 
points, assuming a loss to follow-up of 10%. This sample size 
per arm is in line with the recommendations of Klingenberg 
et al [22] and has been used in previous anthelminthic dose-
finding studies [23, 24].

Statistical Analysis

Data were captured on paper and subsequently double entered 
using EpiInfo version 3.5.4 (Centers for Disease Control and 
Prevention, Atlanta, GA) by 3 people. Both entries were 
compared for correctness by a data entry clerk using the Data 
Compare tool of EpiInfo. Any discrepancies were corrected 
by consulting the hard copy. An available case analysis was 
performed, including all adolescents with follow-up data. To es-
timate the dose-response curve, models of the hyperbolic max-
imum responses achievable from the drugs were fitted to CR 
and ERR using the DoseFinding package (version 0.9–16) of 
the statistical software environment R. An additional statistical 
analysis was done using Stata version 15 (StataCorp; College 
Station, TX).

For the primary and secondary endpoints, CRs were calcu-
lated as the percentage of egg-positive adolescents at baseline 
who became egg-negative after treatment. EPG were calculated 
by adding up the egg counts from the quadruplicate Kato-Katz 
thick smears and multiplying this number by a factor of 6. The 

ERR, using both the geometric mean and arithmetic mean of 
EPG, was calculated with the following formula:

ERR =

(
1 − e

1
n

∑
log(EPGfollow−up+1) − 1

e
1
n

∑
log(EPGbaseline+1) − 1

)
∗100

Bootstrap resampling with 10 000 replicates was used to esti-
mate 95% confidence intervals (CIs) for ERRs.

The performance of the moxidectin-albendazole combina-
tion therapy, compared to the moxidectin monotherapy, was 
analysed by using  logistic regression. Treatment approach 
(moxidectin alone versus moxidectin plus albendazole) and 
moxidectin dose where both included as fixed effects in the 
model  to assess if the combination therapy outperforms 
monotherapy. The placebo arm was excluded from this analysis. 
In a subsequent model, we included the drug × dose interaction 
effect.

Adverse events were evaluated descriptively by reporting the 
number of subjects reporting adverse events and the number 
of adverse events reported at at each assessment time point.

RESULTS

Between 6 July and 23 July 2018, a total of 379 participants 
were recruited and screened for T.  trichiura infections. There 
were 294 infected adolescents who were invited for treatment. 
Of these, 2 were absent, 1 refused to receive treatment, and 1 
was excluded due to anemia. A  total of 290 adolescents were 
randomly assigned to the 7 treatment groups (Figure 1). At 
follow-up, 9 adolescents did not provide any stool sample and 
were not included in the available case analysis. Data of 9 and 4 
participants, who only provided 1 stool sample at baseline and 
follow-up, respectively, were considered for the analysis. With 
the exception of the stool samples of 4 participants at baseline 
and 1 participant at follow-up, both samples from each partici-
pant were collected within 5 days.

Baseline parasitological and demographic characteristics 
of the 290 adolescents are summarized in Table 1. Treatment 
groups were well balanced in terms of age, sex, weight, height, 
and T. trichiura baseline infection intensity. Trichuris trichiura 
infections were mostly light, with only 28 (10%) participants 
having moderate infections.

The estimated dose-response curve models of the maximum 
responses achievable from the drugs are shown in Figure 2. CRs 
against T. trichiura did not increase with an increased dose of 
moxidectin. We observed a slight increase of CR and ERR at 
higher moxidectin dosages, when moxidectin was combined 
with albendazole (Table 2).

In more detail, CRs against T. trichiura ranged from 43.9 to 
50.0% in the monotherapy arm and from 61.9 to 69.2% in the 
combination chemotherapy arms. The combination therapy 
performed significantly better, compared to monotherapy 
(odds ratio 0.48, 95% CI 0.29–0.81). There was no evidence of 
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a drug × dose interaction effect. The same was true for ERRs, 
which were very similar among the 3 monotherapy arms 
(94.3–95.7%, based on the geometric mean) and the 3 combi-
nation arms (97.4–98.6%, based on the geometric mean). The 
placebo group had a 12% CR and a 43.6% ERR.

The moxidectin-albendazole combination arms were also 
more effective against hookworm than the monotherapy arms, 
both in terms of CR and ERR. The highest dose of moxidectin, 
together with albendazole, performed best (CR  =  90% and 
ERR = 99.6%; Table 2).

No serious adverse events were reported during the study. All 
reported adverse events were mild and did not require any in-
tervention. At the baseline physical and clinical examinations, 
50 (17.3%) participants reported symptoms. Headache (5%) 
and abdominal pain (5%) were the most prevalent symptoms.

After treatment, the proportions of participants reporting 
any adverse event were 18, 13, 8, and 5% at the 3, 24, 48, and 
72 hour time points, respectively, and 12% on the visit we made 
13 to 20  days posttreatment. Due to the absence of subjects 
during adverse event assessments, data of 6, 9, 3, 16, and 12 
participants were missing at 3, 24, 48, and 72 hours and 13 to 
20 days posttreatment, respectively. After treatment, the most 
commonly reported adverse events were headache and abdom-
inal pain. Table 3 presents the number of subjects reporting 

each adverse event at each assessment time point (3, 24, 48, or 
72 hours and 13 to 20 days posttreatment). The numbers of ad-
verse events and subjects reporting adverse events are similar 
among treatment arms (Table 4).

DISCUSSION

Given the recent registration of moxidectin for onchocerci-
asis, it is important to evaluate the drug’s efficacy against other 
helminth diseases. Our study confirmed that the moxidectin-
albendazole combination is more effective than moxidectin 
alone against T.  trichiura and hookworm infections in 
adolescents aged 16–18 years. A recent trial by Barda et al [18] 
on Pemba Island also compared the tolerability and efficacy of 
moxidectin monotherapy (8 mg) to the combination therapy of 
moxidectin (8 mg) plus albendazole (400 mg) against T. trichiura 
in adolescents aged 12–18 years. Similar to our findings, Barda 
et al showed that the combination chemotherapy was more ef-
fective than the monotherapy. Their results on the efficacy of the 
albendazole-moxidectin combination against T.  trichiura were 
in full agreement with ours. However, whereas in our study the 
8 mg of moxidectin monotherapy cured 43% of participants, in 
Barda and colleagues’ trial, only 14% were cured. This discrep-
ancy might be explained by the lower mean T. trichiura EPG at 
baseline in our study.

Figure 1. Trial profile.
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Table 1. Baseline Characteristics of All Randomized Children, Stratified by Treatment Arm 

MOX 8 MOX 16 MOX 24
MOX 8 

ALB
MOX 16 

ALB
MOX 24 

ALB PLAC Total

Mean age, years 16.7 (0.8) 16.9 (0.9) 16.9 (0.9) 16.8 (0.9) 16.8 (0.9) 17.0 (0.9) 16.9 (0.9) 16.8 (0.9)

Girls 16 (38%) 12 (29%) 12 (29%) 12 (29%) 16 (38%) 13 (32%) 15 (37%) 96 (33%)

Mean weight, kg 49.3 (8.6) 49.9 (8.3) 50.7 (7.9) 51.4 (9.6) 52.8 (8.0) 51.4 (6.1) 52.4 (8.7) 51.1 (8.2)

Mean height, cm 156.8 (8.9) 158.9 (10.1) 159.3 (8.2) 158.7 (9.1) 160.9 (7.5) 160.2 (7.6) 158.6 (7.5) 159.0 (8.5)

Trichuris trichiura

 Infected adolescents 42 41 41 42 42 41 41 290

 EPG median 96 (60–435) 150 (60–288) 180 (78–408) 102 (48–305) 177 (63–671) 138 (72–396) 126 (60–330) 138 (60–396)

 EPG geometric mean 148.6 137.3 171.1 132.9 174.8 172.8 143.5 152.1

 Infection intensity

  Light (1–999 EPG) 38 (90%) 37 (90%) 37 (90%) 38 (90%) 38 (90%) 37 (90%) 37 (90%) 262 (90%)

  Moderate (1000-9999 EPG) 4 (10%) 4 (10%) 4 (10%) 4 (10%) 4 (10%) 4 (10%) 4 (10%) 28 (10%)

 Heavy (≥10 000 EPG) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Hookworm

 Infected adolescents 12 12 12 11 15 10 12 84

 EPG geometric mean 48.2 69.6 118.8 82.5 88.3 49.9 68.8 71.2

 Infection intensity

  Light (1-1999 EPG) 12 (100%) 12 (100%) 12 (100%) 11 (100%) 14 (93%) 10 (100%) 12 (100%) 83 (99%)

  Moderate (2000-3999 EPG) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (7%) 0 (0%) 0 (0%) 1 (1%)

  Heavy (≥4000 EPG) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Ascaris lumbricoides

 Infected adolescents 4 4 6 7 4 7 5 37

 EPG geometric mean 1537.2 6817.5 1272.2 3141.3 3190.6 1749.7 9261.4 2879.6

 Infection intensity

  Light (1–4999 EPG) 2 (50%) 1 (25%) 5 (83%) 6 (86%) 1 (25%) 4 (57%) 1 (20%) 20 (54%)

  Moderate (5000-49 999 EPG) 2 (50%) 3 (75%) 1 (17%) 1 (14%) 3 (75%) 3 (43%) 4 (80%) 17 (46%)

  Heavy (≥50 000 EPG) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Data are presented as n (%), median (IQR), or mean (SD).

Abbreviations: ALB, albendazole; EPG, eggs per gram of stool; IQR, interquartile range; MOX, moxidectin; PLAC, placebo; SD, standard deviation.

Figure 2. Cure rates (left) and egg reduction rates (right) of the moxidectin-albendazole combination (gray) and of moxidectin alone (black). Circles show observed cure 
rates with 95% CIs (vertical lines). Dashed lines represent the predicted dose-response curve and corresponding 95% CIs (corresponding hatched areas), estimated by the 
Emax models. Abbreviations: CI, confidence interval.
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We cannot conclude whether synergism or an additive ef-
fect is responsible for the increased efficacy observed with 
the albendazole-moxidectin combination, because we had no 
albendazole monotherapy arm. Of note, the recommended 
dose of albendazole for STH infections, 400 mg, is still a simple 
extrapolation from the dose found to be most effective in ani-
mals [25]. A dose-finding study of albendazole has not yet been 
carried out.

Given the promising results of Barda and colleagues and the 
fact that a pharmacokinetic analysis of moxidectin in healthy 
volunteers showed a proportional increase in blood concentra-
tion with ascending doses [26], we hypothesized that increasing 
doses of moxidectin, both in monotherapy and in combination 
therapy, would result in higher efficacy. However, in our study, 
higher doses of moxidectin did not translate into higher efficacy, 
regardless of  whether monotherapy or combination chemo-
therapy was applied. An explanation for this might be related to 
the mode of action of moxidectin. The primary molecular target 
of moxidectin is the glutamate-gated chloride channel, which is 
present in the nematode’s nervous system. When moxidectin 
binds to these channels, it disrupts neurotransmission, leading 
to the paralysis and death of the parasite [27]. It is possible that 
8 mg of moxidectin are sufficient to saturate these channels. Of 
note, 8  mg is the dose marketed for onchocerciasis; hence, a 
substantial amount of safety data was collected in Phase II and 
III trials and will become available in postmarketing studies. 
Applying the same dose will facilitate the use of moxidectin 
against other indications.

Though the numbers of coinfections were low, our study 
confirms that moxidectin has a good treatment effect against 
A.  lumbricoides, while the activity against hookworm is low. 
The latter finding might be explained with N.  americanus 
being the main hookworm species in the study setting [28]. 
Although species sensitivity for human hookworms has not 
been investigated for moxidectin, ivermectin is known to be 

much more effective against Ancylostoma ceylanicum, than to 
N. americanus, and therefore has not been used as monotherapy 
for STH infections [29]. Moxidectin has revealed a high activity 
against Ancylostoma caninum in veterinary studies [30].

All doses of moxidectin were safe, with only a few mild ad-
verse events recorded. This is in line with the safety assessments 
from Cotreau and colleagues [27] testing single doses up to 
36 mg of moxidectin in healthy volunteers. The good tolerability 
of moxidectin has also been described in other helminthiases 
studies [18, 31, 32] as well as for its use against onchocerciasis 
[33].

We have to acknowledge a few limitations  in our study. 
The baseline intensity of T.  trichiura infections found in this 
study setting was low and this affects the proportion of cured 
participants. Moreover, the efficacy and safety were only 
assessed up to 13–20 days posttreatment. However, moxidectin 
has a long half-life [26] and studies with extended follow-up 
periods should be conducted. Also, study participants and re-
search staff were not blinded.

In conclusion, this study allowed us to identify 8  mg of 
moxidectin as the optimum dosage, in combination with 
albendazole, for use against T.  trichiura and concomitant 
STH coinfections. A  single dose of moxidectin cannot be 
recommended, given its low efficacy against hookworm and 
T. trichiura infections. The coadministration of moxidectin and 
albendazole is a valuable alternative in preventive chemotherapy 
programs; it is effective, causes only a low rate of mild adverse 
events, and, because it is age and weight independent, it is easy 
to administer. Future studies against STH infections should in-
clude younger age groups and longer follow-up periods, and 
might take place in different settings.

Notes
Author contributions. L. K., M. S. P., S. M. Ame, S. M. Ali, J. Ha., and 

J. K. planned and designed the study; M. P. and J. Hu manufactured and 
produced the moxidectin tablets; L. K., M. S. P., S. M. Ame, S. M. Ali, and 

Table 3. Number of Adverse Events and Number of Children Reporting Adverse Events at Each Adverse Event Assessment Time Point in Each Treatment Arm

Time point Number of:
MOX 8 
(n = 42)

MOX 16 
(n = 41)

MOX 24 
(n = 41)

MOX 8 
ALB (n = 42)

MOX 16 
ALB (n = 42)

MOX 24 
ALB (n = 41)

PLAC 
(n = 41) Total

Baseline clinical exam Symptoms 8 14 16 9 11 7 9 74

Children 6 9 10 8 7 6 4 50

3 h after treatment AEs 11 9 9 12 6 7 8 62

Children 10 8 7 9 3 6 6 49

24 h after treatment AEs 6 8 8 4 9 6 7 48

Children 5 6 7 4 6 3 4 35

48 h after treatment AEs 4 5 6 3 5 3 4 30

Children 3 5 3 3 3 3 4 24

72 h after treatment AEs 1 3 6 3 1 0 2 16

Children 1 3 4 3 1 0 2 14

13–20 d after treatment AEs 7 7 2 7 5 4 5 37

Children 6 6 2 5 5 3 5 32

Abbreviations: AE, adverse event; ALB, albendazole; MOX, moxidectin; PLAC, placebo.
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J. K. conducted the study; L. K., M. S. P., J. Ha., and J. K. analyzed and 
interpreted the trial data; L. K., M. S. P., and J. K. wrote the first draft; and 
J.  Ha.  revised the manuscript. All authors read and approved the final 
version of the manuscript.
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the teachers and headmasters for their support and effort, and the team 
of the Public Health Laboratory Ivo de Carneri staff for their field and 
laboratory work.

Table 4. Number of People Reporting Each Symptom Before and After Treatment, by Treatment Arm

Time point Symptom MOX 8 MOX 16 MOX 24
MOX 8 

ALB
MOX 16 

ALB
MOX 24 

ALB PLAC Total

Clinical examination before treatment Headache 2 4 2 2 1 1 2 14

Abdominal pain 1 3 2 2 3 1 2 14

Itching 2 1 2 0 1 0 0 6

Nausea 1 2 3 1 1 1 3 12

Vomiting 0 0 0 0 1 0 1 2

Diarrhea 0 0 0 0 1 0 0 1

Fever (>37.5°C) 0 1 0 2 0 1 1 5

Other 1 3 5 3 2 2 1 17

3 h after treatment Headache 8 6 4 9 5 5 7 44

Abdominal pain 2 3 5 4 4 2 4 24

Itching 1 0 2 1 2 0 2 8

Nausea 0 0 1 1 2 0 3 7

Vomiting 0 0 1 1 2 0 2 6

Diarrhea 0 0 1 1 2 0 2 6

Fever (>37.5°C) 0 0 0 0 0 0 0 0

Other 0 0 1 1 1 0 0 3

24 h after treatment Headache 3 4 7 3 5 5 3 30

Abdominal pain 2 7 3 5 6 4 2 29

Itching 2 2 1 2 2 3 1 13

Nausea 2 2 1 2 2 3 0 12

Vomiting 2 2 1 2 2 3 0 12

Diarrhea 1 3 1 2 3 4 0 14

Fever (>37.5°C) 0 0 0 0 0 0 0 0

Other 0 0 0 0 1 2 1 4

48 h after treatment Headache 3 3 2 1 0 3 2 14

Abdominal pain 2 2 1 2 2 3 1 13

Itching 1 2 0 0 0 2 0 5

Nausea 1 2 0 0 0 3 0 6

Vomiting 1 1 1 0 0 2 0 5

Diarrhea 2 1 1 0 2 2 1 9

Fever (>37.5°C) 0 0 0 0 0 0 0 0

Other 0 0 1 0 1 0 0 2

72 h after treatment Headache 4 2 3 4 3 2 3 21

Abdominal pain 4 1 5 2 3 2 2 19

Itching 4 2 2 2 3 2 2 17

Nausea 4 2 2 2 3 2 2 17

Vomiting 4 1 2 2 3 2 2 16

Diarrhea 5 1 4 3 4 2 3 22

Fever (>37.5°C) 0 0 0 1 0 0 0 1

Other 0 0 0 1 0 0 0 1

13–20 d after treatment Headache 5 4 4 7 4 2 4 30

Abdominal pain 3 3 2 7 5 0 2 22

Itching 1 1 2 4 4 0 1 13

Nausea 1 2 2 4 4 0 1 14

Vomiting 2 1 2 4 3 0 1 13

Diarrhea 1 2 2 5 3 1 2 16

Fever (>37.5°C) 0 0 0 0 0 0 0 0

Other 0 0 0 0 0 1 0 1

Abbreviations: ALB, albendazole; MOX, moxidectin; PLAC, placebo.
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Abstract

Background: Soil-transmitted helminthiasis affects almost 2 billion people worldwide in tropical climates. Preventive
chemotherapy, using the benzimidazoles (albendazole and mebendazole) is the current main recommended control
strategy. Nevertheless, there is limited efficacy of these drugs against hookworm infection and, to a greater extent,
against trichuriasis. We describe a protocol for a trial investigating the efficacy and safety of the co-administration of
ivermectin and albendazole against trichuriasis.

Methods: A double-blind, placebo-controlled randomized controlled trial will be conducted in three countries (Côte
d’Ivoire, Tanzania and Lao PDR) with the aim to determine the efficacy, safety and extended effects of co-administered
ivermectin and albendazole compared to standard albendazole monotherapy. We will enroll 600 participants
aged 6–60 years in each setting. The primary outcome is cure rate (CR) against Trichuris trichiura infection as
assessed by Kato-Katz 14–21 days after treatment. Secondary outcomes include CRs against concomitant soil-transmitted
helminth (STH) infections (Ascaris lumbricoides, hookworm and Strongyloides stercoralis) and egg reduction rates (ERRs)
against STH at 14–21 days, 180 days and 360 days. Tolerability of treatment, infection status assessed by polymerase chain
reaction (PCR), and potential benefits of deworming on nutritional and morbidity indicators will be assessed. The primary
analysis will include an available-case set and use logistic regression models adjusted for age, sex and weight.

Discussion: This trial will provide robust results on the efficacy and safety of co-administration of ivermectin and
albendazole with the aim to better inform WHO recommendations on control of STHs. Furthermore, secondary
and explanatory outcomes will provide direct evidence on the extended effects of combination therapy and insight on
the relationship between nutrition and morbidity parameters and infection status and intensity.

Trial registration: NCT03527732 (date assigned: 17 May 2018).

Keywords: Trichuris trichiura, Côte d’Ivoire, Lao PDR, Tanzania, Drug efficacy, Ivermectin, Albendazole, Soil-transmitted
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Background
Almost 2 billion people are infected with soil-transmitted

helminths (STHs), the majority being preschool and

school-aged children living in Asia and Africa [1, 2]. Ascaris

lumbricoides (roundworm), Trichuris trichiura (whipworm)

and Necator americanus or Ancylostoma duodenale (hook-

worms), the most common STHs, account for an annual

burden of 1.9 million disability-adjusted life-years (DALYs)

related to infection [1, 3]. Infection can be the result of the

ingestion of T. trichiura or A. lumbricoides eggs or the

penetration of skin by hookworm larvae [4]. Inadequate

access to clean water, poor hygiene and unimproved

sanitation lead to an increase in risk of STH infection,

thus particularly affecting populations in low- and

middle-income countries [4]. Morbidity due to STHs

are related mostly to high intensity infections and may

include acute symptoms such as diarrhea, dysentery,

abdominal pain or obstruction; if left untreated, STH

infections can lead to inflammation, nutrition and im-

mune system impairment and, finally, can cause phys-

ical and mental development retardation in children

and limited working capacity in adults [1, 4].

To date, preventive chemotherapy (PC) that is the

periodic administration of anthelminthic drugs to at-risk

populations without prior diagnosis, is the cornerstone

of helminth control put forth by the World Health

Organization (WHO) to reduce the burden of STHs. PC

is implemented in the form of annual mass drug adminis-

tration (MDA) campaigns and the recommended target

populations have been expanded from only school-aged

children to include younger children (1–5 years of age),

adolescent (10–19 years) girls, women of reproductive age

(15–49 years) and pregnant women after the first trimester

in areas with an STH prevalence of ≥20% [5]. A biannual

frequency of MDA is recommended in case of high preva-

lence (> 50%). Albendazole, one of the two main drugs

used for MDA, is considered safe and well tolerated; how-

ever, it is not efficient in clearing infection and redu-

cing worm loads in all three types of STHs [2, 6]. While

it shows satisfyingly high cure rates (CRs) (96%) and

egg reduction rates (ERRs) (> 98%) against A. lumbri-

coides, efficacy against hookworm is lower (CR = 80%

and ERR = 90%) and against Trichuris trichiura is dis-

turbingly low with CRs of 31% and ERRs of 50% [6].

Furthermore, this drug has been used for more than

three decades and comparison of efficacy measures

over time indicates a decreasing trend over time;

although resistance has so far not been documented in

its use in humans [5]. In view of insufficient efficacy,

especially against T. trichiura, coupled with the poten-

tial for resistance emergence from long-term use, there

is not only a pressing need for the development of new

treatments against STH infections, but also a need to

optimize current treatment schemes [7].

The co-administration of standard drugs together with

other anthelminthics, such as ivermectin, could be a way

to achieve universal impact on all STH species [8].

Moreover, the combined use of ivermectin and albenda-

zole against STH infection has been added recently to

the WHO Model Lists of Essential Medicines paving the

way for application in control programs [9]. A recent

meta-analysis indeed shows a lower risk (risk ratio

(RR) =0.44) of still being positive for T. trichiura

post-treatment for co-administered ivermectin and alben-

dazole when compared to albendazole alone; however,

these findings are based on a very limited amount of quali-

fying studies (n = 3) conducted in various settings, limited

to school-aged children and/or adolescents with consider-

able variation among the reported efficacy measures [10].

Interestingly, two studies also highlight potential extended

effects on follow-up infection status or intensity (18 weeks

and 1 year) compared to single or other combined drug

regimens [11, 12]. To better inform and guide ongoing

helminth control programs on optimization and imple-

mentation of ivermectin-albendazole integrated treatment

schemes, a deeper understanding of its impact across a

range of different transmission settings, including a

broader age range and a prolonged monitoring period, is

needed.

To the best of our knowledge, this is the first large,

multi-country trial assessing the safety and efficacy of

the combination of ivermectin and albendazole and the

extended effects of treatment against T. trichiura.

Methods/design
Trial design

This is a multi-country, parallel group, double-blind,

placebo-controlled, randomized controlled trial (RCT). It

will be implemented as a community-based study target-

ing children, adolescents and adults aged 6 to 60 years. In

each of the three countries, 600T. trichiura-positive

community members will be randomly assigned to either

receive the current standard treatment (albendazole/pla-

cebo) or the combination therapy (ivermectin/albenda-

zole). All participating communities will be followed-up

over a period of one year including four assessment time

points at baseline, 3 weeks, 6 months and 12months after

treatment (see Fig. 1). The WHO Trial Registration Data

Set summarizes the most important trial information and

is given in Additional file 1. The study adheres to the

Standard Protocol Items: Recommendations for Interven-

tional Trials (SPIRIT) statement [13] and a checklist is

provided as supplementary file (see Additional file 2).

Study area and participants

The trial will be conducted in two African settings,

namely Côte d’Ivoire and Pemba Island, Tanzania, and

one Asian setting, Lao People’s Democratic Republic
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(PDR). Potential study areas will be selected based on

earlier findings and insights from local collaborators

on T. trichiura endemicity. In Côte d’Ivoire, the

Agnéby-Tiassa region in the southeast of the country

has been identified with high STH infection prevalence

(particularly for T. trichiura) in previous community-based

studies or RCTs [14, 15]. Pemba Island is still highly en-

demic to STH infections [16]. Potential study communities

on Pemba will be selected based on accessibility besides

T. trichiura endemicity. An area fulfilling these criteria is

considered the Shehia of Pujini, 9 km south-east of Chake

Chake, Pemba. In Lao PDR recent data suggests highest in-

fection rates for T. trichiura to be found in the northern

zone of the country including the province of Luang Pra-

bang [17]. In each study location community members

from 6 to 60 years of age will be invited for participation.

Recruitment

In order to recruit participants from a broad age range

(6–60 years), entire communities with less than 1000 in-

habitants (smaller communities are easier to be mobi-

lized and monitored) will be pre-screened and a census

conducted to identify T. trichiura cases and eligible indi-

viduals in each household, respectively.

All adult community members will be invited to par-

ticipate in an informational meeting explaining the pur-

poses and procedures of the study, including potential

benefits and risks. In this open discussion forum, par-

ents/caregivers/potential participants will be encouraged

to ask questions and be informed of actions to prevent

acquiring STH infections in the future.

Individuals (including parents/caregivers of children)

interested in participating in the trial will be invited to

complete the process of informed consent; thereafter, in-

dividuals will be assessed for study eligibility during

screening procedures.

Eligibility criteria

Participants will be eligible to be included in the trial if

they fulfill all of the following criteria:

1. Provide written informed consent signed by either

the participant him/herself (≥18 years of age in Lao

PDR and Pemba, Tanzania or ≥ 21 years of age in

Côte d‘Ivoire) or by parents and/or caregivers for

children/adolescents; and oral assent by child/

adolescent (aged 6–17 years Lao PDR and Pemba,

Tanzania or aged 6–20 years in Côte d‘Ivoire).

2. Agree to comply with study procedures, including

provision of two stool samples at the beginning

(baseline) and on three follow-up assessments

(approximately 3 weeks, 6 months, and 12 months

later).

3. Aged ≥6 to ≤60 years and weighing at least 15 kg.

Fig. 1 Design and timeline of the randomized controlled trial to be implemented in each of three settings. The study is designed as a two-armed
trial including one arm with a single drug administration (arm A; albendazole) and one arm with combined treatment through co-administration
of separate tablets (arm B; ivermectin and albendazole). The trial will be conducted as a multi-country study with two settings in Africa and one
in Asia, namely Côte d’Ivoire, Pemba (Zanzibar, Tanzania) and Lao PDR
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4. Positive for T. trichiura infection in at least two slides

of the quadruple Kato-Katz thick smears and infection

intensity of at least 100 eggs per gram (EPG) of stool.

Participants will be ineligible to be included in the trial

if they fulfill any of the following criteria:

1. Presence of major systemic illnesses, e.g. severe

anemia (below 80 g/l Hemoglobin (Hb) according to

WHO [18]), clinical malaria as assessed by a

medical doctor (positive Plasmodium rapid diagnostic

test (RDT) and ≥ 38 °C ear temperature), upon initial

clinical assessment.

2. History of acute or severe chronic disease (e.g.

cancer, diabetes, chronic heart, liver or renal disease).

3. Recent use of anthelmintic drug (within past 4 weeks).

4. Attendance in other clinical trials.

5. Known allergy to study medications (i.e. ivermectin

and albendazole).

6. Pregnancy or lactating in the 1st week after birth

(according to WHO guidelines within lymphatic

filariasis control programs [19]).

7. Current use of medication with known interaction

(e.g. for ivermectin: warfarin; for albendazole:

cimetidine, praziquantel and dexamethasone).

Intervention

All T. trichiura-infected, consenting, and participating

community members will be treated with the respective

single or combination treatment regimen at day 0. Re-treat-

ment with the intervention assigned at randomization will

occur at 6months in all participants found to be positive

for any STH. 400mg albendazole tablets will be the prod-

uct of Glaxo Smith Kline, UK (Zentel®) and a single tablet

will be administered. 3mg tablets of ivermectin (Stromec-

tol®) will be obtained from Merck, France and administered

at a dose of 200 μg/kg body weight recorded for each par-

ticipant. Matching ivermectin placebo tablets (in terms of

appearance) will be produced and a certificate of manufac-

ture and analysis be provided by the University of Basel.

Since ivermectin and albendazole are known to be better

absorbed in humans after a high-fat meal is consumed, par-

ticipants will receive a local high-fat breakfast prior to treat-

ment [20, 21]. After ingestion of the medication, the

subjects will be observed for 3 h to ensure retention of the

drug. Vomiting within 1-h post-dosing will require re-

dosing. The subjects will not be allowed more than one

repeated dose. No re-administration will be needed for sub-

jects vomiting after one hour.

Outcomes

Primary outcome

The primary outcome is T. trichiura infection status as

assessed by Kato-Katz 14–21 days after treatment measured

as CR, calculated as the percent of infected individuals at

baseline free from infection after treatment.

Secondary outcomes

Secondary outcomes include the ERR against T. trichiura,

CRs and ERRs against other concomitant STH infections

(A. lumbricoides, hookworm and Strongyloides stercoralis),

reinfection rates, tolerability of treatment and infection

status assessed by polymerase chain reaction (PCR).

Outcomes will be assessed at 14–21 days, 180 days and

360 days post-treatment.

Exploratory outcomes

Exploratory outcomes include the molecular characterization

of T. trichiura strains from different settings and investiga-

tion of potential resistance markers through deep sequencing

as well as the evaluation of the potential benefits of deworm-

ing on nutrition status and morbidity indicators.

Sample size calculation

Based on a recent systematic review and the published

literature, we assume that the CR of albendazole against

T. trichiura is 30% compared to 50% in the ivermectin-

albendazole treatment regimen [6]. To achieve a power of

90% at a significance level of 5%, 121 participants per study

arm are needed to detect a statistically significant difference.

With an estimated loss to follow-up of 15%, 143 participants

will be required in each study arm. Furthermore, we assume

the same treatment efficacy and a reinfection risk of 10% at

6months. Consequently we expect a proportion of negative

patients after 12months of 44% in the albendazole arm and

of 65% in the ivermectin-albendazole arm resulting in a re-

quired sample size of 111 participants per arm. To account

for a loss to follow-up of 30% after 6months and 40% at

final assessment (12months), we aim to recruit 300 partici-

pants in each treatment group (600 in total) in each country

for a total of 1800 participants.

Randomisation

Study participants eligible for treatment will be ran-

domly assigned in a 1:1 allocation to one of the treat-

ment arms using sealed, opaque sequentially-numbered

envelopes prepared by persons independent of the trial.

Since treatment success is influenced by infection inten-

sity, stratified block randomization will be used (baseline

infection intensity: light infections and moderate/heavy

infections) to ensure balanced treatment groups in terms

of infection intensity. The computer-generated stratified

randomization sequence, provided by a statistician, will

vary randomly in blocks of four, six and eight and will

be stratified by 2 levels of baseline infection intensity

(light: < 1000 EPG, and moderate and heavy: ≥1000 EPG

T. trichiura infections).
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Blinding

The trial will be double-blinded (i.e. study participants

and the trial team/researchers conducting the treatment

and assessing the outcomes will be blinded). One 400

mg albendazole tablet will be given to each participant.

The ivermectin (or corresponding placebo) tablets used

for each treatment arm will be repacked into neutral

separate plastic bags each containing the maximum num-

ber of ivermectin tablets with regard to weight and dose or

the corresponding number of appearance-matched placebo

tablets produced by the University of Basel. If at any point

during the trial an unanticipated need to unblind a partici-

pant’s treatment allocation arises for reasons of safety, the

principal investigator, site investigators, and ethics commit-

tee will be notified and the instance will be documented.

Trial timeline

The trial will last for fourteen months. The screening for

the baseline will start three weeks prior to the treatment.

Follow-up screening will take place 14–21 days, 180 days

and 360 days post-treatment and each will last for about

three weeks. Schedules of visits are summarized in Table 1.

Data collection

All data besides a household questionnaire will be col-

lected during scheduled visits and recorded on paper

case report forms (CRFs), laboratory reporting forms or

logs. Subsequently, data will be double-entered into a

database using EpiInfo (v3.5.4). Access will be limited to

study investigators and study personnel entering data;

both working independently from the project funder.

Data reported in the household questionnaire will be

collected using paper forms in Pemba Island and using

Open Data Kit (ODK) on mobile tablet computer de-

vices in Côte d’Ivoire and Lao PDR where electronic

data collection has already been applied in earlier stud-

ies. Data entered via ODK collect will be uploaded to a

server hosted by the Swiss Tropical and Public Health

Institute (Swiss TPH; Basel, Switzerland). For quality as-

surance in-built error, range and consistency checks will

be programmed for the data entry masks (i.e., in EpiInfo

and ODK). The obtained data will be handled strictly

confidentially. Personal data will be coded for data ana-

lysis. No names will be published at any time, and pub-

lished reports will not allow for identification of single

subjects.

Clinical assessment

A clinical examination of the study participants assessing

general health (blood pressure, pulse rate, symptoms,

medical history, etc.), anthropometric parameters including

height, weight, mid-upper arm circumference (MUAC) and

skinfold thickness (i.e. tricep and subscapular skinfolds) as

well as tympanic temperature using an ear thermometer

(Braun Thermoscan 5, Braun GmbH, Kronberg, Germany)

will precede the treatment and will be repeated on two

Table 1 Schedule of visits in trial

Screening Baseline/Treatment/Safety Follow-up

-21 to -1
days

Hours Days

0 3 24 21 180 185 360

Diagnosis (stool and urine examination) X X X X

Gut morbidity (stool RDTs) X X X X

Informed consent X

Demographics X

Medical history X

Clinical examination X X X

Pregnancy testing X X X

Hemoglobin measurement X X X

Plasmodium co-infection (in Côte d’Ivoire/ Lao PDR only) X X X

W. bancrofti co-infection (in Africa only) X X X

Venous blood examination (in Côte d’Ivoire/ Lao PDR only) X X X X

Physical functioning X X X

Randomization and treatment X

Selective re-treatment X

Capturing AEs X X X

Capturing SAEs X X X

Treatment satisfaction X X X
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follow-up assessments (days 180 and 360) to evaluate po-

tential benefits from deworming. Blood pressure will be

measured using a sphygmomanometer (OMRON M6,

Omron Healthcare CO., LTD, Kyoto, Japan). Body weight

will be measured using a mobile, digital scale (SECA Model

803, Seca Gmbh Co, Hamburg, Germany) with a precision

to the nearest 0.1 kg, while height will be measured using a

measuring stick in centimetres. Mid-upper arm circumfer-

ence will be measured to the nearest 0.1 cm using a MUAC

tape; and a caliper (Harpenden Skinfold Caliper, HaB Inter-

national Ltd., Warwickshire, England) will be used to meas-

ure tricep and subscapular skinfold thicknesses to the

nearest 0.2mm. All anthropometric measurements will be

taken twice, recorded and the average value then used. A

licensed physician will conduct a physical examination on

each participant before treatment at baseline, 6months and

12months.

Biospecimen collection and testing

Stool samples

Community members providing informed consent will

be asked to provide two stool samples of at least 15 g

each within a maximum of 5 days at baseline. From every

stool specimen, duplicate Kato-Katz thick smears (41.7 mg

each) will be prepared and read under a microscope for

eggs of T. trichiura, A. lumbricoides and hookworm by ex-

perienced technicians [22]. A subsequent independent

quality control of sample results (approximately 10%) will

be conducted. All microscopically analyzed quadruplicate

Kato-Katz thick smears will be destroyed within one day

(after passing the quality control).

A portion of 2–3 g of stool from each specimen will be

preserved in 70% ethanol and shipped to the Swiss TPH,

Basel, Switzerland for PCR analysis which will allow fur-

ther classification of hookworm infection into the three

species N. americanus, A. duodenale and A. ceylanicum

[23]. A subsample of 10 participants with high intensity

infections following treatment from each of the settings

(30 in total) will be subjected to deep sequencing for

characterization of T. trichiura strains and investigation

of potential resistance markers [24].

Additionally, a small amount of feces (less than 1 mg)

from the second stool sample of participants identified

as positive for T. trichiura in the first sample will further

be tested for fecal occult blood and fecal calprotectin

(Actim Fecal Blood and Calprotectin, Oy Medix Biochemica

Ab, Espoo, Finland) as proxies for gut morbidity and

inflammation using a rapid diagnostic immunoassay

test [25]. In Lao PDR, the remains of each stool sample

(ideally 10 to 20 g) will be processed by the Baermann

technique for identification of S. stercoralis infections

and be recorded qualitatively as larva-positive or nega-

tive [26].

Blood samples

Enrolled participants undergoing a clinical examination at

baseline, 6 months and 12months will be asked to provide

a finger-prick blood sample to evaluate Hb levels using a

HemoCue analyzer (Hemocue Hb 301 system; Angelholm,

Sweden). Additionally, participants in Côte d’Ivoire and

Lao PDR will be asked to provide a finger-prick blood

sample for an RDT (i.e. Humasis Pf/Pan and Humasis Pf/

Pv) for Plasmodium spp. infection, while participants in

Côte d’Ivoire and Pemba will be asked to provide a

finger-prick blood sample for an RDT (i.e. ENCODE Filar-

iasis IgG/IgM) detecting antibodies in the blood to iden-

tify potential co-infection with Wuchereria bancrofti, as

patients with filariasis have shown a significantly higher

frequency of adverse events after combined treatment

with ivermectin and albendazole [27, 28].

In one African (i.e., Côte d’Ivoire) and the Asian set-

ting (i.e., Lao PDR), participants will be asked to give

approximately 8 ml of venous blood at baseline, 6

months and 12 months to assess potential improve-

ment on nutritional indicators for micronutrient (i.e.

(pro-) vitamins, inflammation markers, and iron/fer-

ritin) and macronutrient (i.e. albumin) deficiencies.

Blood will be collected in EDTA and Serum Vacutai-

ners (BD, Franklin Lakes, NJ, USA). In Côte d’Ivoire

and Lao PDR we will undertake analysis of biochem-

ical and hematological parameters as a proxy for func-

tioning of vital organs. These parameters may include

urea, creatinine, bilirubin, azotemia, Alanine Amino

Transferase (ALAT), Aspartate Amino Transferase

(ASAT), hematocrit, erythrocytes and platelets. Serum

separated from collected blood in serum blood collec-

tion tubes after centrifugation will be aliquoted at

local laboratories in Côte d’Ivoire and Lao PDR and

then sent on dry ice to accredited reference laborator-

ies within Switzerland and Germany. Samples will be

kept at − 20 °C in field labs and in transport and stored at

− 80 °C in Switzerland and in Germany. Ferritin, soluble

transferrin receptor, retinol-binding protein, α1-acid

glycoprotein and C-reactive protein will be measured

using Sandwich enzyme-linked immunosorbent assay

(ELISA) techniques [29]. Transferrin will be measured

using immunoturbidimetry; iron will be measured using

spectrophotometry; hepcidin will be measured using a

solid phase ELISA; and vitamin A will be measured using

high performance liquid chromatography.

Urine samples

Female participants over the age of ten years will be

asked to give a urine sample of at least 10 ml for a preg-

nancy RDT at baseline, 6 months and 12months before

(re-)treatment is administered to avoid accidental treat-

ment of pregnant girls/women.
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Questionnaire

Household questionnaire

A household questionnaire will be administered to all

participating households between screening and 3 weeks

follow-up to assess socioeconomic factors (e.g. structure,

condition, amenities), presence of sanitation/water facil-

ities (e.g. shower, latrine/toilet, water sources), and hy-

giene attitudes/practices (e.g. defecation, hand-washing,

water use). Collected information will be used to assess

the relationship between reinfection rates and household

characteristics/behaviors; moreover, an evaluation of the

potential associations of high intensity and persistent in-

fections with sociodemographic characteristics will be

conducted.

Treatment satisfaction

Subjective treatment satisfaction will be assessed at 3 h,

3 weeks and 6months after treatment to investigate rela-

tionship with treatment compliance and observed effi-

cacy in reducing egg output and morbidity. Participants

will be asked to provide short-term treatment satisfac-

tion (e.g. convenience of treatment) at 3 h and 3 weeks

post-treatment, while long-term treatment satisfaction

(e.g. effectiveness in reducing symptoms) will be asked

at 6 months follow-up.

Physical functioning and well-being

Children 6 to 16 years of age will be administered a

patient-rated physical functioning and well-being ques-

tionnaire during clinical examination before treatment

and at 6 months and 12months follow-up using tools

already applied and evaluated in school-aged children

from rural settings in Côte d’Ivoire and pre-tested in a

comparable school-aged population not otherwise in-

volved in this trial [30].

Adverse events

Very few adverse events (AEs) are expected after

ivermectin-albendazole co-administration in STH-infected

individuals. The most common AEs reported were ab-

dominal cramps, headache, fatigue, nausea, diarrhea,

fever and vertigo [31–33].

Subjects will be kept for observation for at least 3 h

following treatment for any acute AEs. In addition, pa-

tients will also be interviewed 3 h, 24 h, and 3 weeks

after treatment about the occurrence of AEs. If there is

any abnormal finding, the local study physician will per-

form a full clinical, physical and biochemical examin-

ation and findings will be recorded. An emergency kit

will be available on site to treat any medical conditions

that warrant urgent medical intervention. Information

on all AEs (onset, duration, intensity, seriousness and

causality) will be immediately entered in the appropriate

AE module of the CRF that serves as source document.

For all AEs and serious adverse events (SAEs), sufficient

information will be pursued and/or obtained so as to be

graded on severity, relatedness and expectedness. These

data will be recorded on the appropriate CRF sections, re-

gardless of whether they are thought to be associated with

the study or the drug under investigation. Any

study-related unanticipated problem posing risk of harm to

subjects or others (including all unexpected adverse

drug reactions) and any type of SAE will be immedi-

ately (within a maximum of 24 h after becoming aware

of the event) notified to the study sponsor-investigator

and co-PIs.

Statistical methods

The primary available-case analysis will include all par-

ticipants with primary endpoint data. In addition, an

intention-to-treat analysis for the primary endpoint

assessed at 3 weeks will be conducted considering all

participants with missing endpoint data as treatment

failure or all as treatment success to ensure that the re-

sults are not sensitive to potential loss to follow-up bias.

CRs will be calculated as the percentage of egg-positive

participants at baseline who become egg-negative after

treatment. Infection intensity expressed as the arithmetic

and geometric mean EPG will be calculated for each

treatment arm. EPG will be assessed by adding up the

egg counts from the quadruplicate Kato-Katz thick

smears and multiplying this number by a factor of six.

The ERR will be calculated as:

ERR ¼ 1−

1

n
e
P

log EPGfollow−upþ1ð Þ
−1

1

n
e
P

log EPGbaselineþ1ð Þ
−1

In the primary model we estimate the difference

among CRs by using unadjusted logistic regressions. In a

subsequent analysis an adjusted logistic regression (ad-

justment for age, sex and weight) will be performed.

Geometric mean egg counts will be calculated for the

different treatment arms before and after treatment to

assess the corresponding ERRs. Bootstrap resampling

method with 5000 replicates will be used to calculate

95% confidence intervals for ERRs and the difference be-

tween the ERRs.

Results from the stool RDT for fecal occult blood will

be categorized as negative, trace and positive. For cal-

protectin, the semiquantitative RDT allows classifying in-

dividuals by concentration into negative (levels below

50 μg/g of feces), low (50–200 μg/g) or high (≥ 200 μg/g)

intensities.

Anthropometric measurements such as height and

weight of school-aged children will be translated into

weight-for-age, height-for-age and weight-for-height re-

lated z-scores using readily available Stata commands
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calculating growth indicators for children/adolescents

5–19 years [34]. Body mass index and indicators for

muscle and fat tissue, such as MUAC and skinfold thick-

ness, will serve as additional indicators of nutritional sta-

tus for adults [35].

Questionnaires on physical functioning and treatment

satisfaction will be evaluated by creating summary scores

by summing up and transforming the single question

scores according to the following formula: [(actual raw

score-lowest possible raw score)/(possible raw score

range)]*100 [30].

Nutritional and morbidity indicators will be analyzed

using logistic and linear regression as appropriate. To

compare individual’s changes in nutrition/morbidity cat-

egories as an effect from treatment, McNemar’s test will

be applied. The analysis after 6 and 12months of

follow-up will be complemented by generalized estimating

equation models with independent correlation structure

and empirical estimators to account for missing data.

AEs will be evaluated descriptively as the difference of

proportion reporting AEs before and after treatment.

Discussion

Soil-transmitted helminthiasis remains a public health

burden in many low- and middle-income countries [4].

Since the passing of the resolution WHA 54.19 by the

World Health Assembly in 2001, great strides have been

taken to reduce the morbidity and mortality of STH infec-

tions [36]. With the changing epidemiological landscape

of soil-transmitted helminthiasis moving from control

to elimination, MDA implementation is shifting from

school-based to community-based [37, 38]. This trial

marks the first multi-country, longitudinal, randomized

double-blind controlled trial assessing the safety and ef-

ficacy of a combination therapy at the community level.

With the scaling up of PC programs, mounting drug

pressure increases the risk for drug resistance against the

benzimidazoles in populations infected by STHs. None-

theless, combination treatment of two or more drugs can

provide heightened efficacy and protection against drug

resistance [39]. Our data will provide robust evidence on

the possible increased efficacy and extended effects of

combined albendazole and ivermectin treatment when

compared to albendazole alone to pave the way of the

former as recommended treatment for soil-transmitted

helminthiasis for use in control programs.

We will report not only on efficacy and safety outcomes

of combination ivermectin and albendazole therapy, but

also the effects of drug administration on morbidity in a

broad age range. In the midst of controversy on the im-

pact of PC through mass deworming campaigns, this trial

provides direct evidence in determining the relationship

between deworming campaigns and clinical morbidity and

nutritional indicators [5, 40–44]. The role of vitamin A as

a protective factor against re-infection will be assessed, as

well as the long-term (6 and 12months) effects of STH

therapy on anemia. Moreover, serum hepcidin levels will

be quantified to determine the dynamics between

iron-deficiency anemia, anemia of chronic disease and in-

fection status/intensity. The use of fecal rapid diagnostics

tests as surrogates for gut morbidity will provide a novel

proof of concept between STH infection status intensity.

These nutritional and gut parameters will be measured in

various settings (Asia and Africa) using standardized

methods at 6 and 12months in the hopes of providing

clarity to the potential impact of mass deworming in

communities.

We will also report on the differences in CRs and sensi-

tivity between the current diagnostic method recom-

mended by the WHO (Kato-Katz smear) and DNA-based

methods (qPCR). A major drawback of the Kato-Katz

method is the low sensitivity for infections of low intensity

[45]. As countries shift from STH control to elimination,

more sensitive methods of diagnosis are needed as infec-

tion intensities lower. PCR methods offer the advantage

that only single samples need to be taken and multiple in-

fections can be detected in one reading; however, esti-

mates of sensitivity vary and standardization of technique

is needed [46, 47]. This trial will provide an opportunity to

collect samples from various settings where co-infections

may vary and refine the current qPCR technique.

In conclusion, this trial will aim to generate evidence to

inform future WHO guidelines of STH therapy and its

impact on morbidity. Currently, the combination of iver-

mectin and albendazole is a safe and effective treatment

that is currently given to more than 500 million individ-

uals yearly as part of the Global Programme to Eliminate

Lymphatic Filariasis; and there may be opportunities to

transition the program to control and elimination of

soil-transmitted helminthiasis [48, 49]. However, evidence

on the efficacy of the co-administration of ivermectin and

albendazole against STHs from high quality RCTs is

needed to confirm results and scale up combination ther-

apy in endemic areas.
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Additional file 1. World Health Organization Trial Registration Data Set for the 

IVM-ALB co-administration multi-country trial. 

Data category Information 

Primary registry and trial identifying number 
ClinicalTrials.gov 
NCT03527732 

Date of registration in primary registry 17 May 2018 

Secondary identifying numbers 

Ethikkommission Nordwest- und 
Zentralschweiz: BASEC Nr Req-2018-00494; 
Ministère de la santé et de l’hygiène publique, 
comité national d’éthique des sciences de la
vie et de la santé: 088-18/MSHP/CNESVS-km; 
Ministry of Health, National Ethics Committee 
for Health Research, Lao PDR: 093/NECHR; 
Zanzibar Medical Research and Ethics 
committee: ZAMREC/0003/Feb/2018 

Source(s) of monetary or material support 
Bill and Melinda Gates Foundation, the United 
States of America 

Primary sponsor Swiss Tropical and Public Health Institute 
Secondary sponsor(s) None 

Contact for public queries 

Jennifer Keiser, jennifer.keiser@swisstph.ch, 
+41612848218
Swiss Tropical and Public Health Institute,
Basel, Switzerland

Contact for scientific queries 

Jennifer Keiser, jennifer.keiser@swisstph.ch, 
+41612848218
Swiss Tropical and Public Health Institute,
Basel, Switzerland

Public title 
Efficacy and safety of IVM/ALB co-
administration 

Scientific title 

Efficacy and safety of ivermectin and 
albendazole co-administration in school-aged 
children and adults infected with Trichuris 
trichiura: a multi-country randomized 
controlled trial 

Countries of recruitment 
Côte d’Ivoire, Lao PDR, Pemba Island
(Tanzania) 

Health condition(s) or problem(s) studied Trichuriasis 

Intervention(s) 

 Comparator drug: 400 mg albendazole
single tablet (Zentel®) and tablets of
placebo at day 0 administered orally

 Experimental drug: 400 mg albendazole
single tablet (Zentel®) and 200µg/kg using
3mg tablets of ivermectin (Stromectol®) at
day 0 administered orally

Key inclusion and exclusion criteria 

Inclusion criteria: community members (6-60 
years, minimum weight: 15 kg) infected with 
T. trichiura (at least 2/4 Kato-Katz thick
smears positive and infection intensities of at
least 100 eggs per gram of stool) providing
written informed consent signed by the adult
participant or caregiver and assent by
child/adolescent.
Exclusion criteria: presence of major systemic
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illnesses (e.g. severe anaemia, clinical 
malaria), history of acute or severe chronic 
disease (e.g. cancer, diabetes, chronic heart, 
liver or renal disease), recent use of 
anthelmintic drug (within past 4 weeks), 
attending other clinical trials, known allergy to 
study medications (i.e. ivermectin and 
albendazole), pregnancy or lactating in the 1st 
week after birth, currently taking medication 
with known interaction (e.g. for ivermectin: 
warfarin; for albendazole: cimetidine, 
praziquantel and dexamethasone) 

Study type 
Multi-country, parallel group, double-blind, 
placebo-controlled, randomized controlled trial. 
Phase III 

Date of first enrolment 24 September 2018 
Target sample size 1800 

Recruitment status 
Recruiting: participants are currently being 
recruited and enrolled 

Primary outcome(s) 
Cure rate (CR) against Trichuris trichiura 14-
21 days post-treatment 

Key secondary outcomes 

 Egg reduction rate (ERR) against 
T. trichiura  

 CRs and ERRs against other concomitant 
soil-transmitted helminth infections (i.e., 
Ascaris lumbricoides, hookworm and 
Strongyloides stercoralis) 

 Reinfection rates 

 Tolerability of treatment 
 Infection status assessed by polymerase 

chain reaction 
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SPIRIT 2013 Checklist: Recommended items to address in a clinical trial protocol and related documents* 

Section/item Item 
No 

Description Addressed on 
page number 

Administrative information 

Title 1 Descriptive title identifying the study design, population, interventions, and, if applicable, trial acronym ______1______ 

Trial registration 2a Trial identifier and registry name. If not yet registered, name of intended registry ______4______ 

2b All items from the World Health Organization Trial Registration Data Set Additional file 1 

Protocol version 3 Date and version identifier See manuscript 

publication date 

Funding 4 Sources and types of financial, material, and other support ____23_______ 

Roles and 

responsibilities 

5a Names, affiliations, and roles of protocol contributors ____1, 23_____ 

5b Name and contact information for the trial sponsor Additional file 1 

5c Role of study sponsor and funders, if any, in study design; collection, management, analysis, and 

interpretation of data; writing of the report; and the decision to submit the report for publication, including 

whether they will have ultimate authority over any of these activities 

_____23______ 

5d Composition, roles, and responsibilities of the coordinating centre, steering committee, endpoint 

adjudication committee, data management team, and other individuals or groups overseeing the trial, if 

applicable (see Item 21a for data monitoring committee) 

_____23-24____ 
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 2 

Introduction 
   

Background and 

rationale 

6a Description of research question and justification for undertaking the trial, including summary of relevant 

studies (published and unpublished) examining benefits and harms for each intervention 

_____5-7_____ 

 6b Explanation for choice of comparators _____6-7_____ 

Objectives 7 Specific objectives or hypotheses _____6_______ 

Trial design 8 Description of trial design including type of trial (eg, parallel group, crossover, factorial, single group), 

allocation ratio, and framework (eg, superiority, equivalence, noninferiority, exploratory) 

 

_____7_______ 

Methods: Participants, interventions, and outcomes  

Study setting 9 Description of study settings (eg, community clinic, academic hospital) and list of countries where data will 

be collected. Reference to where list of study sites can be obtained 

_____7-8_____ 

Eligibility criteria 10 Inclusion and exclusion criteria for participants. If applicable, eligibility criteria for study centres and 

individuals who will perform the interventions (eg, surgeons, psychotherapists) 

_____8-9_____ 

Interventions 11a Interventions for each group with sufficient detail to allow replication, including how and when they will be 

administered 

_____10______ 

11b Criteria for discontinuing or modifying allocated interventions for a given trial participant (eg, drug dose 

change in response to harms, participant request, or improving/worsening disease) 

______N/A____ 

11c Strategies to improve adherence to intervention protocols, and any procedures for monitoring adherence 

(eg, drug tablet return, laboratory tests) 

_____10______ 

11d Relevant concomitant care and interventions that are permitted or prohibited during the trial ______9______ 

Outcomes 12 Primary, secondary, and other outcomes, including the specific measurement variable (eg, systolic blood 

pressure), analysis metric (eg, change from baseline, final value, time to event), method of aggregation (eg, 

median, proportion), and time point for each outcome. Explanation of the clinical relevance of chosen 

efficacy and harm outcomes is strongly recommended 

 

_____10-11____ 

Participant timeline 13 Time schedule of enrolment, interventions (including any run-ins and washouts), assessments, and visits for 

participants. A schematic diagram is highly recommended (see Figure) 

12, 28, Figure 1 
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Sample size 14 Estimated number of participants needed to achieve study objectives and how it was determined, including 

clinical and statistical assumptions supporting any sample size calculations 

_____11______ 

Recruitment 15 Strategies for achieving adequate participant enrolment to reach target sample size ______8______ 

Methods: Assignment of interventions (for controlled trials) 

Allocation: 

Sequence 

generation 

16a Method of generating the allocation sequence (eg, computer-generated random numbers), and list of any 

factors for stratification. To reduce predictability of a random sequence, details of any planned restriction 

(eg, blocking) should be provided in a separate document that is unavailable to those who enrol participants 

or assign interventions 

_____11______ 

Allocation 

concealment 

mechanism 

16b Mechanism of implementing the allocation sequence (eg, central telephone; sequentially numbered, 

opaque, sealed envelopes), describing any steps to conceal the sequence until interventions are assigned 

_____11______ 

Implementation 16c Who will generate the allocation sequence, who will enrol participants, and who will assign participants to 

interventions 

_____11______ 

Blinding (masking) 17a Who will be blinded after assignment to interventions (eg, trial participants, care providers, outcome 

assessors, data analysts), and how 

_____12______ 

17b If blinded, circumstances under which unblinding is permissible, and procedure for revealing a participant’s 
allocated intervention during the trial 

_____12______ 

Methods: Data collection, management, and analysis 

Data collection 

methods 

18a Plans for assessment and collection of outcome, baseline, and other trial data, including any related 

processes to promote data quality (eg, duplicate measurements, training of assessors) and a description of 

study instruments (eg, questionnaires, laboratory tests) along with their reliability and validity, if known. 

Reference to where data collection forms can be found, if not in the protocol 

_____12-17____ 

18b Plans to promote participant retention and complete follow-up, including list of any outcome data to be 

collected for participants who discontinue or deviate from intervention protocols 

______17_____ 
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Data management 19 Plans for data entry, coding, security, and storage, including any related processes to promote data quality 

(eg, double data entry; range checks for data values). Reference to where details of data management 

procedures can be found, if not in the protocol 

____12-13____ 

Statistical methods 20a Statistical methods for analysing primary and secondary outcomes. Reference to where other details of the 

statistical analysis plan can be found, if not in the protocol 

____17-19____ 

20b Methods for any additional analyses (eg, subgroup and adjusted analyses) ____18-19____ 

20c Definition of analysis population relating to protocol non-adherence (eg, as randomised analysis), and any 

statistical methods to handle missing data (eg, multiple imputation) ______17_____ 

Methods: Monitoring 

Data monitoring 21a Composition of data monitoring committee (DMC); summary of its role and reporting structure; statement of 

whether it is independent from the sponsor and competing interests; and reference to where further details 

about its charter can be found, if not in the protocol. Alternatively, an explanation of why a DMC is not 

needed 

______12_____ 

21b Description of any interim analyses and stopping guidelines, including who will have access to these interim 

results and make the final decision to terminate the trial 

_____N/A_____ 

Harms 22 Plans for collecting, assessing, reporting, and managing solicited and spontaneously reported adverse 

events and other unintended effects of trial interventions or trial conduct 

_____17______ 

Auditing 23 Frequency and procedures for auditing trial conduct, if any, and whether the process will be independent 

from investigators and the sponsor 

_____N/A_____ 

Ethics and dissemination 

Research ethics 

approval 

24 Plans for seeking research ethics committee/institutional review board (REC/IRB) approval _____22______ 

Protocol 

amendments 

25 Plans for communicating important protocol modifications (eg, changes to eligibility criteria, outcomes, 

analyses) to relevant parties (eg, investigators, REC/IRBs, trial participants, trial registries, journals, 

regulators) 

____N/A______ 

79



5 

Consent or assent 26a Who will obtain informed consent or assent from potential trial participants or authorised surrogates, and 

how (see Item 32) 

_____22______ 

26b Additional consent provisions for collection and use of participant data and biological specimens in ancillary 

studies, if applicable 

_____N/A_____ 

Confidentiality 27 How personal information about potential and enrolled participants will be collected, shared, and maintained 

in order to protect confidentiality before, during, and after the trial 

_____13______ 

Declaration of 

interests 

28 Financial and other competing interests for principal investigators for the overall trial and each study site _____23______ 

Access to data 29 Statement of who will have access to the final trial dataset, and disclosure of contractual agreements that 

limit such access for investigators 

______12_____ 

Ancillary and post-

trial care 

30 Provisions, if any, for ancillary and post-trial care, and for compensation to those who suffer harm from trial 

participation 

______23_____ 

Dissemination policy 31a Plans for investigators and sponsor to communicate trial results to participants, healthcare professionals, 

the public, and other relevant groups (eg, via publication, reporting in results databases, or other data 

sharing arrangements), including any publication restrictions 

______23_____ 

31b Authorship eligibility guidelines and any intended use of professional writers ______23_____ 

31c Plans, if any, for granting public access to the full protocol, participant-level dataset, and statistical code ______23_____ 

Appendices 

Informed consent 

materials 

32 Model consent form and other related documentation given to participants and authorised surrogates ______23_____ 

Biological 

specimens 

33 Plans for collection, laboratory evaluation, and storage of biological specimens for genetic or molecular 

analysis in the current trial and for future use in ancillary studies, if applicable 

_____13______ 

*It is strongly recommended that this checklist be read in conjunction with the SPIRIT 2013 Explanation & Elaboration for important clarification on the items.

Amendments to the protocol should be tracked and dated. The SPIRIT checklist is copyrighted by the SPIRIT Group under the Creative Commons

“Attribution-NonCommercial-NoDerivs 3.0 Unported” license.
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Chapter 5 Short-term efficacy and safety of ivermectin-albendazole 

versus albendazole alone 

Efficacy and safety of co-administered ivermectin and albendazole in school-aged children and 

adults infected with Trichuris trichiura in Côte d’Ivoire, Laos, and Pemba Island, Tanzania: a 

double-blind, parallel-group, phase 3, randomised controlled trial 
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Summary
Background Preventive chemotherapy with albendazole or mebendazole remains one of the cornerstones of soil-
transmitted helminth control. However, these drugs are less effective against Trichuris trichiura. Combined 
ivermectin–albendazole is a promising treatment alternative, yet robust evidence is lacking. We aimed to demonstrate 
superiority of co-administered ivermectin–albendazole over albendazole monotherapy in three distinct epidemiological 
settings.

Methods We conducted a double-blind, parallel-group, phase 3, randomised controlled trial in community members 
aged 6–60 years infected with T trichiura in Côte d’Ivoire, Laos, and Pemba Island, Tanzania, between Sept 26, 2018, 
and June 29, 2020. Participants with at least 100 T trichiura eggs per g of stool at baseline were randomly assigned (1:1) 
using computer-generated randomisation sequences in varying blocks of four, six, and eight, stratified by baseline 
T trichiura infection intensity, to orally receive either a single dose of ivermectin (200 µg/kg) plus albendazole (400 mg) 
or albendazole (400 mg) plus placebo. Patients, field staff, and outcome assessors were masked to treatment 
assignment. The primary outcome was cure rate against T trichiura, defined as the proportion of participants with no 
eggs in their faeces 14–21 days after treatment, assessed by Kato-Katz thick smears, and analysed in the available-case 
population according to intention-to-treat principles. Safety was a secondary outcome and was assessed 3 h and 24 h 
after drug administration. The trial is registered at ClinicalTrials.gov, NCT03527732.

Findings Between Sept 13 and Dec 18, 2019, Jan 12 and April 5, 2019, and Sept 26 and Nov 5, 2018, 3737, 3694, and 
1435 community members were screened for trial eligibility in Côte d’Ivoire, Laos, and Pemba Island, respectively. In 
Côte d’Ivoire, Laos, and Pemba Island, 256, 274, and 305 participants, respectively, were randomly assigned to the 
albendazole group, and 255, 275, and 308, respectively, to the ivermectin–albendazole group. Primary outcome data 
were available for 722 participants treated with albendazole and 733 treated with ivermectin–albendazole. Ivermectin–
albendazole showed significantly higher cure rates against T trichiura than albendazole in Laos (66% [140 of 213] vs 
8% [16 of 194]; difference 58 percentage points, 95% CI 50 to 65, p<0·0001) and Pemba Island (49% [140 of 288] 
vs 6% [18 of 293], 43 percentage points, 36 to 49, p<0·0001) but had similar efficacy in Côte d’Ivoire (14% [32 of 232] 
vs 10% [24 of 235], 4 percentage points, –2 to 10, p=0·24). No serious adverse events were reported; observed events 
were mostly classified as mild (95% [266 of 279] in the albendazole group and 91% [288 of 317] in the ivermectin–
albendazole group), and all were transient in nature.

Interpretation Treatment with ivermectin–albendazole resulted in higher efficacy against trichuriasis than albendazole 
alone in Laos and Pemba Island but not in Côte d’Ivoire. We recommend implementation of this combination therapy 
for soil-transmitted helminth control in countries with high T trichiura prevalence and proven enhanced efficacy of 
this treatment, particularly where ivermectin is beneficial against other endemic helminthiases.

Funding Bill & Melinda Gates Foundation.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Soil-transmitted helminthiasis affects approximately 
one in five people in the world and disproportionally 
affects the most neglected populations.1 It is caused 
by infections with the nematodes Trichuris trichiura, 

Ascaris lumbricoides, and hookworm.2 The mainstay of 
soil-transmitted helminth (STH) control is preventive 
chemotherapy as periodic mass drug administration 
with a single dose of either albendazole or mebendazole 
to at-risk populations without prior diagnosis, besides 
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other strategies tackling exposure (eg, by improving 
sanitation and providing access to safe water).3 The main 
goal of preventive chemotherapy is to reduce morbidity 
by decreasing infection intensities and to ultimately 
eliminate soil-transmitted helminthiasis as a public 
health problem. Elimination as a public health problem 
is defined as the prevalence reduction of moderate and 
heavy intensities to below 2%, as assessed in preschool-
aged and school-aged children, by 2030.4

Single-dose albendazole treatment shows high and 
moderate efficacy against A lumbricoides and hook-
worm infections, respectively.5 Yet, performance 
against T trichiura is unsatisfactory, with egg reduction 
rates (ERRs) and cure rates below 50%.5 Furthermore, 
albendazole has been used for many decades, and 
several hundred million doses are donated yearly to 
endemic areas for STH control.5 Its consistent use 
makes it prone to drug resistance, a phenomenon 
common in veterinary medicine but not yet proven for 
human soil-transmitted helminthiases.5,6

In view of the empty pipeline of new potent anthelmintic 
drugs, the evaluation of drug combinations of already 
registered products has been identified as a research 
priority.7 The use of drug combinations with different 
mechanisms of action might not only enhance efficacy 
but also delay the onset of resistance.8 Ivermectin–
albendazole is one of the most promising drug 
combination candidates and was recently added to the 

WHO List of Essential Medicines, which paves the road 
for its use in deworming programmes.9 Since 2000, 
ivermectin–albendazole has been successfully used for 
the control of lymphatic filariasis, showing an excellent 
safety profile.10 However, robust evidence on the poten-
tially enhanced efficacy from co-administered ivermectin–
albendazole against STHs in varying age groups and 
endemicity settings is lacking.11–15 The primary objective of 
this trial was to assess the efficacy and safety of co-
administered ivermectin–albendazole 14–21 days after 
treatment in community members aged 6–60 years 
infected with T trichiura in different transmission 
settings. This trial has the ultimate goal to inform STH 
preventive chemotherapy schemes put forth by WHO, 
and hence includes long-term follow-up outcomes that 
are presented elsewhere.16

Methods
Study design and participants
We did a phase 3, randomised, controlled, double-blind, 
parallel group, superiority trial in Côte d’Ivoire, Laos, and 
Pemba Island, Tanzania, between Sept 26, 2018, and 
June 29, 2020. Details on trial design and methodology 
were published elsewhere.17 All community members 
aged 6–60 years who were positive for T trichiura in at 
least two slides of quadruplicate Kato-Katz smears, with 
an infection intensity of at least 100 eggs per g of stool 
(EPG), were eligible for trial inclusion. Excluded from 

Research in context

Evidence before this study
We searched PubMed, ISI Web of Science, ScienceDirect, Cochrane 
Central Register of Controlled Trials (CENTRAL), and ClinicalTrials.
gov from Jan 1, 1960, to April 15, 2021. We used “ivermect* 
[AND] albendaz* [AND] (hookworm [OR] trichuri* [OR] ascari* 
[OR] soil-transmitted helminth*) [AND] (cure* [OR] trial)” as 
search terms for PubMed, ISI Web of Science, and ScienceDirect, 
and the keywords “ivermectin” and “albendazole” for CENTRAL 
and ClinicalTrials.gov. The latest evidence on the efficacy and 
safety of co-administered ivermectin plus albendazole against 
soil-transmitted helminths is presented in our systematic review, 
meta-analysis, and individual-patient data analysis, which was 
published in 2018. In that study, we identified four randomised 
controlled trials that investigated the standard dose of combined 
ivermectin (200 µg/kg) and albendazole (400 mg). All four trials 
exclusively assessed efficacy and safety in school-aged children 
and adolescents (aged 6–20 years), yet adult populations are also 
targeted in preventive chemotherapy interventions against soil-
transmitted helminths. Generalisability of the four trials to other 
endemic settings is limited. Two studies were done on the 
Zanzibar archipelago (Pemba and Unguja Islands), Tanzania; one 
in the Philippines; and one in Sri Lanka. The trials in the 
Philippines and Sri Lanka were done before 2000 and used a weak 
diagnostic approach, with only one stool sample analysed before 
and after treatment.

Added value of this study
We conducted a randomised controlled trial in three settings 
with distinct epidemiological profiles and treatment history 
with anthelmintic drugs. We targeted whole communities 
and recruited approximately 600 participants aged 
6–60 years in each of the three settings to provide robust data 
and to allow for subgroup analysis. Our study showed higher 
efficacy against Trichuris trichiura if ivermectin–albendazole 
was used for treatment than if albendazole monotherapy was 
used in two settings. Both treatment regimens showed 
excellent safety profiles with mostly mild and transient 
adverse events. The trial results from Côte d’Ivoire highlight 
the existence of settings in which combination treatment 
does not show enhanced efficacy over albendazole alone, 
warranting the need for further investigation of emerging 
drug resistance, parasite genetics, and host–parasite 
interactions affecting drug efficacy.

Implications of all the available evidence
The availability of efficacious drugs to treat all types of soil-
transmitted helminth infections is a requirement for progress in 
morbidity control. Our findings support the integration of 
combination therapy as recommended treatment in preventive 
chemotherapy schemes against soil-transmitted helminthiasis, 
although the efficacy needs to be confirmed in a pilot study.
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the trial were individuals presenting with severe chronic 
or acute systemic illness (eg, severe anaemia with 
haemoglobin levels below 80 g/L, clinical malaria 
[positive rapid diagnostic test plus body temperature 
≥38°C], reported or suspected diabetes, HIV, AIDS, or 
tuberculosis), pregnant women, lactating women in the 
first week after birth, and children who weighed less than 
15 kg, as assessed upon baseline clinical examination.

This trial was done in accordance with the Declaration 
of Helsinki and Good Clinical Practice guidelines. The 
protocol was approved by independent ethics committees 
in Côte d’Ivoire (reference numbers 088–18/MSHP/
CNESVS-km and ECCI00918), Laos (reference number 
093/NECHR), Pemba (Zanzibar, reference number 
ZAMREC/0003/Feb/2018), and Switzerland (reference 
number BASEC Nr Req-2018-00494). Participating 
adults, or parents or guardians of participating children, 
provided written informed consent. Children provided 
written (Côte d’Ivoire) or oral (Laos and Pemba) assent. 
All authors take responsibility for the accuracy and 
completeness of the data and the fidelity of the trial to the 
protocol, which is available together with the statistical 
analysis plan in appendix 1.

Randomisation and masking
Computer-generated randomisation sequences in varying 
blocks of four, six, and eight participants, stratified by 
two levels of baseline T trichiura infection intensity 
(light = <1000 EPG; moderate to heavy = ≥1000 EPG), were 
provided by the trial statistician. Enrolled participants 
were randomly assigned in a 1:1 ratio to receive either a 
single dose of albendazole (400 mg; Zentel; Glaxo-
SmithKline, London, UK) plus appearance-matched 
placebo (produced by the University of Basel) or 
albendazole (400 mg) plus ivermectin (200 µg/kg; 
Stromectol; Merck Sharp & Dohme, Readington, NJ, 
USA) using sealed, opaque, sequentially numbered 
envelopes containing the treatment assignment (A or B) 
and six ivermectin or corresponding placebo tablets 
(sufficient to dose participants weighing up to 97 kg). The 
envelopes were prepared in Basel, Switzerland, by people 
who were independent of the trial. Participants were 
randomly assigned in the order they presented to the 
administrating investigators on the day of treatment. 
Investigators verified whether participants had baseline 
light or moderate-to-heavy infection intensity, chose the 
treatment envelope from the respective pile based on 
treatment allocation, and opened the sealed envelopes. 
Albendazole tablets were kept in bottles of 100 pieces as 
provided by WHO, and a single tablet was administered 
to every patient together with the necessary number of 
ivermectin or placebo tablets according to the patient’s 
weight. Through the use of pre-packed treatment group 
labels, together with ivermectin appearance-matched 
placebos, field staff, including investigators, participants, 
and outcome assessors, were masked to treatment 
assignment.

Procedures
At baseline, participants were asked to provide two stool 
samples from different days (ideally within a 5 day 
interval), from which duplicate Kato-Katz thick smears 
using 41·7 mg of stool were prepared and assessed under 
a light microscope for the identification of T trichiura, 
A lumbricoides, and hookworm ova by laboratory 
technicians.18 In Laos, both stool samples of T trichiura-
infected participants were also assessed for Strongyloides 
stercoralis larvae using the Baermann technique.19 For 
participants who were identified as T trichiura positive 
after the second sample only, one S stercoralis examination 
of that sample was done. 10% of all Kato-Katz slides were 
randomly chosen for subsequent quality control by 
picking every tenth slide of all slides read by each 
laboratory technician on the respective day.

Before treatment, participants underwent a physical 
examination to ensure recruitment criteria were met. 
These examinations included rapid diagnostic testing for 
haemoglobin levels and malaria (in Côte d’Ivoire and 
Laos) and lymphatic filariasis (in Côte d’Ivoire and 
Pemba Island) parasites, as well as pregnancy tests in 
girls and women aged 10 years and older in Côte d’Ivoire 
and Pemba Island and aged 12 years and older in Laos. 
Participants were further examined physically, and a 
medical anamnesis was done by trial physicians to assess 
baseline conditions. On Pemba Island, treatment was 
administered on the same day as the clinical examination, 
whereas in Côte d’Ivoire and Laos, treatment took place 
approximately 1 week after baseline due to the preceding 
analysis of blood parameters to evaluate liver and kidney 
functions as a required safety measure put forth by the 
responsible ethical or drug safety boards.

Adverse events were assessed actively at 3 h and 24 h 
after treatment and graded into light, moderate, and 
severe using adapted Common Toxicity Criteria 
version 2.0 put forth by the Cancer Therapy Evaluation 
Program. Study physicians were asked to evaluate 
relatedness of the most common adverse events to drug 
administration. If causality could not be ruled out by 
other conditions or reasons, the adverse events were 
considered as possibly related. Newly emerging, as well 
as persistent, adverse events after 24 h and within 
14–21 days of treatment were followed up using a passive 
monitoring scheme, as specified in the protocol. 
Treatment efficacy was determined 14–21 days after 
treatment by collecting another two stool samples per 
participant. At study termination, all participants positive 
for STH were offered the combination therapy, if found 
to be more efficacious, or standard therapy.

Outcomes
The primary outcome was the cure rate of T trichiura, 
defined as the proportion of participants with no eggs in 
their faeces 14–21 days after treatment. Secondary 
outcomes were the ERR against T trichiura; cure rates 
and ERRs against A lumbricoides, hookworm, and 

See Online for appendix 1
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S stercoralis; and infection status assessed by qPCR. 
Safety outcomes included adverse events assessed 3 h 
and 24 h after treatment, serious adverse events, and 
adverse events potentially related to treatment. In this 
manuscript we do not present the cure rates determined 
by qPCR analysis or related methods and results. At the 
time of writing, this analysis had been done only for 
samples from Pemba Island, and thus qPCR-based cure 
rates cannot be compared between countries. Further-
more, detailed results of this analysis have been 
published elsewhere.20

Statistical analysis
For the sample size calculation, we used the formula 
n = (Zα/2 + Zβ)² × [π1 × (1 − π1) + π2 × (1 − π2)] / (π2 − π1)², where 
Zα/2 and Zβ denote the critical values of the normal 
distribution for significance level and type 2 error, 
respectively, and π1 and π2 denote the proportion of cured 
individuals in the two treatment groups. For each 
location, the trial was powered to detect a significant 
difference in cure rates between the two treatment 
groups with 90% power at a two-sided 5% significance 
level, assuming that the cure rate of albendazole for 
T trichiura was 30% and of ivermectin–albendazole 
was 50%.5,15 We calculated that 121 participants per group 
would be sufficient to test the primary hypothesis that 
ivermectin–albendazole has a higher efficacy against 
T trichiura infection than albendazole alone. Taking a 
potential loss to follow-up of 15% into account, we 
anticipated that we needed to enrol 143 participants 
per treatment group. In view of the prolonged follow-up 
period to assess the long-term secondary outcomes (up 
to 12 months), we aimed to include 600 community 
members in each trial setting. For subgroup analysis, 
the data from all locations were pooled to ensure 
sufficient power to assess a potential difference in 
efficacy by baseline infection intensity (ie, light vs 
moderate to heavy) and age group (ie, 6–12 years vs 
13–60 years).

The primary analysis estimated the cure rate of 
T trichiura using the available-case population according 
to intention-to-treat principles. The available-case popu-
lation was defined as all randomly assigned participants, 
excluding those who entered the study despite not 
satisfying the entry criterion of positive at baseline, with 
at least one follow-up stool sample at 14–21 days 
post-treatment. To check the robustness of the primary 
analysis, the results were confirmed using the per-protocol 
population. Exact definitions of the different analysis 
populations are provided in the statistical analysis plan 
in appendix 1. As outlined in the statistical analysis 
plan, the available-case analysis was further comple-
mented by an intention-to-treat analysis using multiple 
imputation if the proportion of missing data 
exceeded 10%. Major protocol deviations, leading to 
exclusion from the per-protocol analysis, included 
negative infection status for T trichiura at baseline, not 

satisfying the enrolment criteria, meeting withdrawal 
criteria, or receiving no treatment, the wrong treatment, 
or concomitant treatment with anthelmintics in the past 
4 weeks or drugs with known interaction with the study 
drugs.

The mean egg counts from the quadruplicate Kato-Katz 
thick smears were multiplied by 24 to be expressed as 
EPG. Helminth infection intensity was classified as 
light or moderate to heavy depending on the species 
following cutoffs put forth by WHO.21 We calculated the 
proportion of individuals with moderate-to-heavy infection 
intensities at baseline who had light infection intensities 
or no infection at follow-up. This indicator is used to 
assess progress within control programmes to eliminate 
morbidity due to STHs.21

A melded binomial test with mid-p correction was used 
to calculate differences in cure rates between the two 
treatment groups and to estimate the corresponding 
confidence intervals. The prespecified analytical code is 
provided in appendix 1 (p 171).

Geometric mean and arithmetic mean egg counts were 
calculated for the two treatment groups before and after 
treatment to assess the corresponding ERRs. Geometric 
mean-based and arithmetic mean-based ERRs were 
calculated as:

A bootstrap resampling method with 5000 replicates 
was used to calculate 95% CIs for geometric mean-
based ERRs and the difference between them. The code 
for implementing the bootstrap routine is provided in 
the statistical analysis plan (appendix 1 p 171). All 
estimates presented are unadjusted estimates. Multiple 
imputations were done using the mi package in R. The 
missing outcomes were predicted using the variables 
sex, age, height, weight, treatment group, and baseline 
infection intensity. The imputation used six chains with 
30 iterations each. Imputation performance was 
assessed via the R-hat statistics, and convergence was 
visually inspected.

No statistical testing was done on safety outcomes; 
adverse events are presented in frequency tables. Data 
were analysed using R software version 4.0.3 and Stata 16.

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, interpretation of the findings, 
writing of the report, or the decision to submit for 
publication.

e∑log(EPGfollow-up + 1) – 1—
ERRGM = 1 –

1
n

 
e∑log(EPGbaseline + 1) – 1—1n

     ∑(EPGfollow-up)—
ERRAM = 1 –

1
n

      ∑(EPGbaseline)—1n
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Results
Between Sept 13 and Dec 18, 2019, Jan 12 and April 5, 2019, 
and Sept 26 and Nov 5, 2018, 3737, 3694, and 
1435 community members were screened for trial 
eligibility in Côte d’Ivoire, Laos, and Pemba Island, 
respectively (figure 1). The recruitment phase to assess 
the eligibility of community members finished after 
133 days in Côte d’Ivoire, 83 days in Laos, and 40 days in 
Pemba Island. In Côte d’Ivoire, Laos, and Pemba Island, 
256, 274, and 305 participants, respectively, were randomly 
assigned to and received albendazole co-administered 

with placebo, whereas 255, 275, and 308 participants, 
respectively, were randomly assigned to and received 
ivermectin–albendazole.

Demographic, baseline anthropometric, and hel-
minth infection characteristics of the 1673 randomised 
parti cipants are summarised in table 1. Co-infections 
with other STH species were common and found in 
951 (57%) of 1673 participants, but endemicity profiles 
differed between countries. In Laos, hookworm was the 
pre dominant co-infection, whereas A lumbricoides co-
infection was most common in Côte d’Ivoire and 

Figure 1: Trial profile
*Low T trichiura infection intensities not qualifying for trial inclusion were egg counts below 100 eggs per g of stool, fewer than two of four Kato-Katz slides found to 
be positive, or both. †Clinical malaria was defined as a rapid diagnostic test positive for Plasmodium spp, together with a body temperature ≥38°C.

8866 assessed for eligibility (3737 in Côte d’Ivoire, 3694 in Laos, and 1435 in Pemba Island)

6973 not eligible (3166 in Côte d’Ivoire, 3053 in Laos, and 754 in Pemba Island)
1037 did not consent to or refused participation (836 in Laos and 201 in Pemba Island)
1330 had fewer than four Kato Katz slides analysed (517 in Côte d'Ivoire, 745 in Laos, 68 in Pemba Island)
3584 did not have Trichuris trichiura infection (2324 in Côte d'Ivoire, 1040 in Laos, and 220 in Pemba

Island)
1004 had low T trichiura infection intensity (312 in Côte d'Ivoire, 429 in Laos, and 263 in Pemba Island)*

12 in the wrong age range (7 in Côte d'Ivoire, 3 in Laos, and 2 in Pemba Island)
6 from excluded study localities (all 6 in Côte d'Ivoire)

2 in Laos (>60 years)
1 in Pemba Island (<100 eggs per g of stool)

1893 eligible (571 in Côte d’Ivoire, 641 in Laos, and 681 in Pemba Island)

1673 randomly assigned (511 in Côte d'Ivoire, 549 in Laos, and 613 in Pemba Island)

835 assigned to and received albendazole 400 mg plus placebo (256 in Côte 
d'Ivoire, 274 in Laos, 305 in Pemba Island)

722 assessed at 14–21 days after treatment
235 in Côte d’Ivoire
194 in Laos
293 in Pemba Island

113 did not provide a follow-up stool sample
21 in Côte d’Ivoire
80 in Laos
12 in Pemba Island

838 assigned to and received ivermectin 200 µg/kg plus albendazole 400 mg  
(255 in Côte d'Ivoire, 275 in Laos, 308 in Pemba Island)

733 assessed at 14–21 days after treatment
232 in Côte d’Ivoire
213 in Laos
288 in Pemba Island

105 did not provide a follow-up stool sample
23 in Côte d’Ivoire
62 in Laos
20 in Pemba Island

223 excluded (60 in Côte d’Ivoire, 94 in Laos, and 69 in Pemba Island)
150 absent on day of clinical examination or treatment (29 in Côte d'Ivoire, 69 in Laos, and 52 in Pemba

Island) 
21 pregnant women (7 in Côte d'Ivoire, 2 in Laos, and 12 in Pemba Island)
16 refused (7 in Côte d'Ivoire and 9 in Laos)
12 had a chronic disease (7 in Côte d'Ivoire and 5 in Laos)

7 weighed <15 kg (1 each in Côte d'Ivoire and Laos and 5 in Pemba Island)
7 duplicate or non existent unique identification number (3 in Côte d'Ivoire and 4 in Laos)
5 had implausible stool data (3 in Côte d'Ivoire and 2 in Laos)
3 had no case report form available on treatment day (lost or taken elsewhere; 1 in Côte d'Ivoire and 2 in Laos)
2 had clinical malaria (both in Côte d'Ivoire)†
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Pemba Island. S stercoralis infection was only tested for 
in Laos and was found in 59 (11%) of 549 participants. 
T trichiura infection intensities were well balanced 
between treatment groups. Between study countries, 
differences were seen with respect to not only helminth 

co-infections but also demographic variables. The Laos 
study cohort was older (mean age 26·8 years [SD 17·4]) 
than the two African cohorts (mean age 16·3 years 
[13·7] in Côte d’Ivoire and 14·0 years [10·0] in Pemba 
Island).

Côte d‘Ivoire Laos* Pemba Island†

Albendazole 
(n=256)

Ivermectin–
albendazole 
(n=255)

Albendazole 
(n=274)

Ivermectin–
albendazole 
(n=275)

Albendazole 
(n=305)

Ivermectin–
albendazole 
(n=308)

Age, years 16·5 (14·1) 16·0 (13·4) 27·7 (17·3) 25·9 (17·4) 14·0 (10·5) 13·9 (9·6)

Age group‡

School-aged (6–12 years) 171 (67%) 168 (66%) 92 (34%) 113 (41%) 191 (63%) 184 (60%)

Youth or young people 
(13–24 years)

30 (12%) 36 (14%) 37 (14%) 30 (11%) 81 (27%) 90 (29%)

Adults (25–60 years) 55 (21%) 51 (20%) 145 (53%) 132 (48%) 33 (11%) 34 (11%)

Sex

Female 120 (47%) 129 (51%) 144 (53%) 147 (53%) 171 (56%) 169 (55%)

Male 136 (53%) 126 (49%) 130 (47%) 128 (47%) 134 (44%) 139 (45%)

Weight, kg 37·5 (20·1) 37·2 (19·7) 41·1 (14·5) 39·7 (15·7) 34·2 (15·5) 34·0 (14·8)

Height, cm 136·7 (20·3) 135·8 (19·4) 144·3 (16·6)§ 142·3 (16·7) 137·3 (18·6) 137·7 (18·9)

Trichuris trichiura infection

Geometric mean EPG 480·5 469·9 365·9 349·3 466·9 460·9

Arithmetic mean EPG 1036·0 1079·9 607·2 636·7 846·7 923·9

Infection intensity¶

Light 190 (74%) 192 (75%) 232 (85%) 232 (84%) 231 (76%) 234 (76%)

Moderate 64 (25%) 60 (24%) 42 (15%) 42 (15%) 74 (24%) 71 (23%)

Heavy 2 (1%) 3 (1%) 0 1 (<1%) 0 3 (1%)

Ascaris lumbricoides infection

Infected 91 (36%) 91 (36%) 112 (41%) 96 (35%) 74 (24%) 90 (29%)

Geometric mean EPG 5499·1 4129·9 3991·2 3635·0 4515·3 2979·5

Arithmetic mean EPG 22 597·0 19 266·7 13 444·7 11 931·3 10 050·3 7593·1

Infection intensity||

Light 38 (42%) 42 (46%) 58 (52%) 48 (50%) 35 (47%) 52 (58%)

Moderate 40 (44%) 39 (43%) 47 (42%) 44 (46%) 38 (51%) 37 (41%)

Heavy 13 (14%) 10 (11%) 7 (6%) 4 (4%) 1 (1%) 1 (1%)

Hookworm infection

Infected 31 (12%) 18 (7%) 250 (91%) 253 (92%) 53 (17%) 42 (14%)

Geometric mean EPG 82·1 91·3 804·8 840·3 100·5 79·9

Arithmetic mean EPG 214·5 830·0 1820·3 1743·4 236·8 205·1

Infection intensity**

Light 31 (100%) 16 (89%) 182 (73%) 184 (73%) 53 (100%) 42 (100%)

Moderate 0 0 37 (15%) 43 (17%) 0 0

Heavy 0 2 (11%) 31 (12%) 26 (10%) 0 0

Strongyloides stercoralis 
infection††

ND ND 29 (11%) 30 (11%) ND ND

Data are mean (SD) or n (%), unless otherwise stated. EPG=eggs per g of stool. ND=not determined. *549 randomised; two did not fulfill eligibility criteria (age >60 years) but 
were included in the available-case analysis. †613 randomised; one did not fulfill eligibility criteria (<100 EPG) but was included in the available-case analysis. ‡Age groups 
were classified and adapted into school-aged children according to WHO definitions (originally 5–12 years, but 6–12 years in this study) and youth or young people and adults 
according to UN definitions (originally 15–24 years for youth or younger people and >25 years for adults, but redefined as 13–24 years for youth or young people and 
>25 years for adults in this study). §One individual value omitted due to irrational value (479 cm). ¶T trichiura infection intensity was classified according to mean EPG into 
light (1–999 EPG), moderate (1000–9999 EPG), and heavy (≥10 000 EPG). ||A lumbricoides infection intensity was classified according to mean EPG into light (1–4999 EPG), 
moderate (5000–49 999 EPG), and heavy (≥50 000 EPG). **Hookworm infection intensity was classified according to mean EPG into light (1–1999 EPG), moderate 
(2000–3999 EPG), and heavy (≥4000 EPG). ††The Baermann technique to detect S stercoralis infection was applied only to stool samples collected in Laos; two participants 
(one in each group) had no S stercoralis result.

Table 1: Baseline characteristics of trial participants by country
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44 (9%), 142 (26%), and 32 (5%) participants were lost 
to follow-up in Côte d’Ivoire, Laos, and Pemba Island, 
respectively, with similar numbers in each group 

(figure 1). Data from 467, 407, and 581 trial participants in 
Côte d’Ivoire, Laos, and Pemba Island, respectively, were 
used for the final analysis. Of note, two participants in 

Côte d‘Ivoire Laos Pemba Island

Albendazole 
(n=235)

Ivermectin–
albendazole 
(n=232)

Albendazole 
(n=194)

Ivermectin–
albendazole 
(n=213)

Albendazole 
(n=293)

Ivermectin–
albendazole 
(n=288)

Trichuris trichiura

Participants positive for 
infection after treatment

211 200 178 73 275 148

Cure rate, % (95% CI) 10% 
(7 to 15)

14% 
(10 to 19)

8% 
(5 to 13)

66% 
(59 to 72)

6% 
(4 to 10)

49% 
(43 to 55)

Difference in cure rate, 
percentage points 
(95% CI)*

.. 4 
(–2 to 10)

.. 58 
(50 to 65)

.. 43 
(36 to 49)

Cure rate by infection intensity, % (n/N)

Light 13% 
(22/175)

15% 
(25/172)

9% 
(15/164)

74% 
(131/176)

8% 
(17/222)

53% 
(116/219)

Moderate 3% 
(2/58)

12% 
(7/57)

3% 
(1/30)

25% 
(9/36)

1% 
(1/71)

36% 
(24/66)

Heavy 0% 
(0/2)

0% 
(0/3)

·· 0% 
(0/1)

·· 0% 
(0/3)

Geometric mean EPG

Baseline 488·8 475·4 369·8 361·0 462·8 463·2

After treatment 175·7 141·6 115·5 3·0 198·5 8·0

Geometric mean ERR, % 
(95% CI)

64% 
(54 to 72)

70% 
(61 to 77)

69% 
(61 to 75)

99% 
(99 to 99)

57% 
(48 to 65)

98% 
(98 to 99)

Difference in geometric 
mean ERR, percentage 
points (95% CI)*

.. 6 
(–6 to 18)

.. 30 
(24 to 38)

.. 41 
(34 to 50)

Arithmetic mean EPG

Baseline 1048·8 1110·9 626·1 688·7 848·5 938·0

After treatment 874·6 866·8 403·2 70·8 698·9 105·1

Arithmetic mean ERR, % 
(95% CI)

17% 
(–14 to 39)

22% 
(–14 to 46)

36% 
(19 to 50)

90% 
(81 to 96)

18% 
(4 to 30)

89% 
(83 to 93)

Moderately or heavily 
infected participants 
with no or light infection 
after treatment, % 
(95% CI; n/N)

40% 
(27 to 53; 31/60)

52% 
(39 to 65; 24/60)

63% 
(45 to 82; 19/30)

97% 
(92 to 103; 34/71)

48% 
(36 to 60; 36/37)

94% 
(89 to 100; 65/69)

Ascaris lumbricoides

Participants positive for infection

Baseline 82 81 77 70 70 86

After treatment 4 5 0 0 2 1

Cure rate, % (95% CI) 95% 
(90 to 100)

94% 
(89 to 99)

100% 
(100 to 100)

100% 
(100 to 100)

97% 
(93 to 101)

99% 
(97 to 101)

Cure rate by infection intensity, % (n/N)

Light 100% 
(34/34)

100% 
(36/36)

100% 
(44/44)

100% 
(38/38)

97% 
(33/34)

100% 
(50/50)

Moderate 92% 
(33/36)

86% 
(30/35)

100% 
(28/28)

100% 
(31/31)

97% 
(34/35)

97% 
(34/35)

Heavy 92% 
(11/12)

100% 
(10/10)

100% 
(5/5)

100% 
(1/1)

100% 
(1/1)

100% 
(1/1)

Geometric mean EPG

Baseline 5315·6 4748·2 3458·5 3374·7 4378·8 3173·9

After treatment 0·1 0·2 0 0 0·3 0·1

Geometric mean ERR, % 
(95% CI)

100% 
(100 to 100)

100% 
(100 to 100)

100% 
(100 to 100)

100% 
(100 to 100)

100% 
(100 to 100)

100% 
(100 to 100)

(Table 2 continues on next page)
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Laos (aged >60 years) and one in Pemba Island 
(T trichiura intensity <100 EPG) were randomised 
erroneously. These participants were included in the 
available-case analysis.

Cure rates and ERRs of the available-case population 
are summarised in table 2. Treatment with ivermectin–
albendazole resulted in significantly higher cure rates 
than albendazole alone in Laos (66% [140 of 213] vs 8% 

Côte d‘Ivoire Laos Pemba Island

Albendazole 
(n=235)

Ivermectin–
albendazole 
(n=232)

Albendazole 
(n=194)

Ivermectin–
albendazole 
(n=213)

Albendazole 
(n=293)

Ivermectin–
albendazole 
(n=288)

(Continued from previous page)

Arithmetic mean EPG

Baseline 22 874·2 19 907·6 12 977·7 9801·6 9525·3 7782·0

After treatment 0·9 5·1 0·0 0·0 101·1 24·4

Arithmetic mean ERR, % 
(95% CI)

100% 
(100 to 100)

100% 
(99·9 to 100)

100% 
(100 to 100)

100% 
(100 to 100)

99% 
(97 to 99)

100% 
(99 to 100)

Moderately or heavily 
infected participants 
with no or light infection 
after treatment, % 
(95% CI; n/N)

100%
(100 to 100; 48/48)

100%
(100 to 100; 45/45)

100%
(100 to 100; 32/32)

100%
(100 to 100; 33/33)

100%
(100 to 100; 
36/36)

100%
(100 to 100; 36/36)

Hookworm

Participants positive for infection

Baseline 28 17 180 194 49 39

After treatment 1 2 80 79 9 11

Cure rate, % (95% CI) 96% 
(89 to 104)

88% 
(71 to 105)

56% 
(48 to 63)

59% 
(52 to 66)

82% 
(70 to 93)

72% 
(57 to 87)

Cure rate by infection intensity, % (n/N)

Light 96% 
(27/28)

93% 
(14/15)

63% 
(85/136)

67% 
(95/142)

82% 
(40/49)

72% 
(28/39)

Moderate ·· ·· 36% 
(10/28)

41% 
(14/34)

·· ··

Heavy ·· 50% 
(1/2)

31% 
(5/16)

33% 
(6/18)

·· ··

Geometric mean EPG

Baseline 94·4 108·6 731·4 861·8 100·6 80·5

After treatment 0·1 0·9 7·9 6·5 1·3 2·5

Geometric mean ERR, % 
(95% CI)

100% 
(100 to 100)

99% 
(97 to 100)

99% 
(98 to 99)

99% 
(99 to 100)

99% 
(97 to 100)

97% 
(93 to 99)

Arithmetic mean EPG

Baseline 232·9 878·5 1620·6 1678·7 223·0 214·0

After treatment 0·4 89·3 146·6 129·5 30·6 48·0

Arithmetic mean ERR, % 
(95% CI)

100% 
(99 to 100)

90% 
(75 to 100)

91% 
(87 to 94)

92% 
(88 to 95)

86% 
(77 to 95)

78% 
(64 to 90)

Moderately or heavily 
infected participants 
with no or light infection 
after treatment, % 
(95% CI; n/N)

ND 100%
(100 to 100; 2/2)

95% 
(89 to 102; 42/44)

98% 
(94 to 102; 51/52)

ND ND

Strongyloides stercoralis†

Participants positive for infection

Baseline ND ND 22 22 ND ND

After treatment ND ND 4 1 ND ND

Cure rate, % (95% CI) ND ND 82% 
(64 to 99)

96% 
(86 to 105)

ND ND

EPG=eggs per g of stool. ERR=egg reduction rate. ND=not determined. *Significant differences are highlighted in bold; for cure rates, significance was defined when the 
p-value was <0·05 according to the melded binomial test for difference (mid-p version), whereas for ERRs, significance was defined when the 95% CI did not include 0. 
†S stercoralis infection was assessed qualitatively only (positive vs negative) in stool samples collected in Laos; 406 participants (193 in the albendazole group and 
213 in the ivermectin–albendazole group) in Laos had at least one stool sample examined for S stercoralis at baseline and follow-up.

Table 2: Efficacy against T trichiura and co-infecting soil-transmitted helminths by trial country (available-case analysis)
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[16 of 194], difference 58 percentage points, 95% CI 
50 to 65, p<0·0001) and Pemba Island (49% [140 of 288] 
vs 6% [18 of 293], 43 percentage points, 36 to 49, 
p<0·0001). Similarly, ERRs were significantly higher in 
the combination therapy group than in the monotherapy 
group in Laos (geometric mean ERR 99% vs 69%, 
difference 30 percentage points, 95% CI 24 to 38) and 
Pemba Island (98% vs 57%, 41 percentage points, 
34 to 50). In Côte d’Ivoire, ivermectin–albendazole 
showed similarly low efficacy to albendazole in terms of 
cure rates (14% [32 of 232] vs 10% [24 of 235], difference 
4 percentage points, 95% CI –2 to 10, p=0·24) and ERRs 
(geometric mean ERR 70% vs 64%, difference 
6 percentage points, 95% CI –6 to 18). Adjusting for age 
category, sex, and weight did not notably change point or 
interval estimates (data not shown). T trichiura egg 
distributions before and after treatment by treatment 
group, for each country, are shown in a violin plot 
(figure 2A–C). Of participants who received ivermectin–
albendazole with moderate-intensity or heavy-intensity 
infections, 52% (95% CI 39 to 65; 31 of 60), 97% (92 to 103; 
36 of 37), and 94% (89 to 100; 65 of 69) showed no or only 
light intensity infections after treatment in Côte d’Ivoire, 
Laos, and Pemba Island, respectively (table 2).

In Côte d’Ivoire, no major protocol deviations were 
observed and therefore the per-protocol population is 
identical to the available-case population. On Pemba 
Island, one participant in the ivermectin–albendazole 
group with a baseline infection intensity of 18 EPG was 
inappropriately randomised. Excluding this participant 
from the per-protocol analysis did not notably change 
the estimates (cure rate 48% in the ivermectin–
albendazole group vs 6% in the albendazole group, 
difference 42 percentage points, 95% CI 36–49, 
p<0·0001). In Laos, one of the two participants older 
than 60 years who was erroneously randomised to the 
albendazole group provided a follow-up stool sample 
and was included in the available-case population. 
The per-protocol analysis excluding this participant 
showed similar estimates to the available-case analysis 
(66% vs 8%, 57 percentage points, 50–64, p<0·0001). 
The proportion of missing data in Laos was higher than 
expected. Missing data for the intention-to-treat analysis 
were imputed by multiple imputation but neither point 
nor interval estimates changed substantially from the 
available-case analysis (appendix 2 p 2).

Subgroup analysis showed higher cure rates against 
T trichiura in participants with light infection intensities 
(45% [156 of 348] in the ivermectin–albendazole group 
and 11% [37 of 339] in the albendazole group) than in 
participants with moderate or heavy infection intensities 
(16% [16 of 97] and 3% [three of 90]) at baseline, but the 
conclusions with respect to superiority of the ivermectin–
albendazole combination did not change (appendix 2 p 3). 
The cure rate for ivermectin–albendazole in the 
6–12 years age group (26%; 64 of 243) was lower than the 
cure rate in the 13–60 years age group (53%; 108 of 202), 

but we also observed higher baseline infection intensities 
irrespective of treatment group in the younger than in 
the older age group (median EPG at baseline was 444 
[IQR 204–1236] vs 264 [159–525]; appendix 2 p 3).

Both treatment regimens showed high efficacy against 
A lumbricoides, with cure rates above 93% and ERRs of 
99–100% in all trial settings. Cure rates in hookworm-
infected participants differed between settings but not 
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Figure 2: Violin plots illustrating Trichuris trichiura egg reduction in 
Côte d’Ivoire (A), Laos (B), and Pemba Island (C), by treatment group
Violins represent egg densities at baseline and follow-up; boxes represent IQRs 
and the dots connected by lines the individual participants. EPG=eggs per g of 
stool.

See Online for appendix 2
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between treatment groups. We found the highest cure 
rate against hookworm in Côte d’Ivoire (96% [27 of 28] 
for albendazole and 88% [15 of 17] for ivermectin–
albendazole), followed by Pemba Island (82% [40 of 49] 
and 72% [28 of 39]), where infections were primarily 
of light intensity. In Laos, we found moderate efficacy in 
terms of cure rates for both treatment groups 
(56% [100 of 180] and 59% [115 of 194]). Hookworm 
infections were well reduced in terms of ERRs (geometric 
mean ERR ≥97%) in all settings. Of 22 participants in 
Laos infected with S stercoralis in each treatment group, 
four were still infected after treatment in the albendazole 
group (cure rate 82%) and one in the ivermectin-
albendazole group (96%).

Safety was assessed in 508, 546, and 613 trial 
participants in Côte d’Ivoire, Laos, and Pemba Island, 
respectively. Not all participants were available at each 
timepoint (table 3). We did not observe any serious 
adverse events in any of the three countries. Adverse 
event reporting was similar between treatment groups. 
Before treatment, any symptom or condition was 
reported by 392 (77%) of 508, 177 (32%) of 546, and 
106 (18%) of 607 examined participants from Côte 
d’Ivoire, Laos, and Pemba Island, respectively. All 
reported baseline symptoms and adverse events assessed 
3 h and 24 h after treatment are illustrated in figure 3. 
Details on country-specific adverse events are provided in 

appendix 2 (pp 4–6). 232 (14%) of 1663 participants 
reported any adverse event 3 h after treatment, and 
213 (14%) of 1565 reported any adverse event 24 h after 
treatment. The most frequently reported adverse events 
in both groups were headache, abdominal pain, and 
itching. Adverse events were mostly transient and 
resolved within 24 h. Few participants experienced 
moderate (23 of 1663, 1%) and severe (six of 1663, <1%) 
adverse events. 61% (146 of 239) and 59% (125 of 211) of 
all assessed adverse events were classified as possibly 
treatment-related in the ivermectin–albendazole and 
albendazole groups, respectively. More moderate-to-
severe adverse events were observed 24 h than 3 h after 
treatment (27 vs 15 events), with higher numbers in Côte 
d’Ivoire (21 events) than in Laos (18 events) and Pemba 
Island (three events). At 24 h after treatment, more 
moderate-to-severe adverse events were reported in the 
ivermectin–albendazole group (21 events) than in the 
albendazole group (six events). These mostly included 
allergy-like symptoms involving itching, rash, and 
disorders of the digestive tract, but also diarrhoea as a 
separate clinical symptom, that were resolved without 
intervention or with antihistamines and glucocorticoid 
treatment. Adverse events as a result of ivermectin acting 
on lymphatic filariasis parasites were negligible. None 
of 607 participants in Pemba Island and four (1%) of 
510 participants in Côte d’Ivoire tested positive for IgG or 

Albendazole Ivermectin–albendazole

Number of 
participants 
assessed

Participants 
with adverse 
event (%)

Number of 
adverse 
events

Number of possibly 
related adverse 
events/number 
assessed for 
relatedness (%)*

Number of 
participants 
assessed

Participants 
with adverse 
event (%)

Number of 
adverse 
events

Number of possibly 
related adverse 
events/number 
assessed for 
relatedness (%)*

Baseline 830 324 (39%) 644 ·· 831 351 (42%) 699 ··

Côte d’Ivoire 254 194 (76%) 467 ·· 254 198 (78%) 498 ··

Laos 273 83 (30%) 110 ·· 273 94 (34%) 117 ··

Pemba Island 303 47 (16%) 67 ·· 304 59 (19%) 84 ··

3 h after treatment 829 111 (13%) 139 43/90 (48%) 834 121 (15%) 152 43/109 (40%)

Côte d’Ivoire 253 47 (19%) 61 29/54 (54%) 253 54 (21%) 77 22/61 (36%)

Laos 273 41 (15%) 50 14/36 (39%) 273 51 (19%) 59 21/48 (44%)

Pemba Island 303 23 (8%) 28 ND 308 16 (5%) 16 ND

24 h after treatment 779 104 (13%) 140 82/121 (68%) 786 109 (14%) 165 103/130 (79%)

Côte d’Ivoire 227 50 (22%) 77 59/65 (91%) 231 62 (27%) 110 78/86 (91%)

Laos 247 48 (19%) 57 23/56 (41%) 247 42 (17%) 49 25/44 (57%)

Pemba Island 305 6 (2%) 6 ND 308 5 (2%) 6 ND

2–21 days after treatment 356 15 (4%) 15 ND 361 14 (4%) 17 ND

Côte d’Ivoire† 15 0 0 ND 23 0 0 ND

Laos‡ 42 8 (19%) 8 ND 39 4 (10%) 5 ND

Pemba Island§ 299 7 (2%) 7 ND 299 10 (3%) 12 ND

ND=not determined. *On Pemba Island, only four out of 50 events were assessed for causality; relatedness was thus considered as ND. †Safety monitoring after the 24 h 
post-treatment period was done actively for participants showing moderate or severe adverse events or needing medical intervention at 24 h and passively for all remaining 
participants. ‡Mainly includes participants who were missed out at, or had persisting symptoms from, the 24-h assessment and symptoms occurring after 24 h but within 
14–21 days after treatment that were mentioned by participants during monitoring visits. §We aimed to visit all trial participants to ask about symptoms occurring after 24 h; 
symptoms mentioned after 24 h could include persisting symptoms from the 24-h assessment or symptoms occurring after 24 h but within 14–21 days after treatment that 
were possibly related to drug administration.

Table 3: Baseline symptoms and adverse events after treatment
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IgM antibodies against Wuchereria bancrofti before 
treatment, only one of whom reported mild abdominal 
pain 3 h after treatment.

Discussion
We did a randomised controlled trial in three distinct 
epidemiological settings in people aged 6–60 years with 
the overarching goal to inform STH control guidelines 
and programmes on the potential benefit of using 
ivermectin in combination with albendazole against 
trichuriasis. Our findings revealed superiority in terms 
of cure rate and ERR of the combination therapy 
over albendazole monotherapy against T trichiura 
infections in Laos and Pemba Island. Yet, in Côte d’Ivoire, 
ivermectin–albendazole showed unsatisfactory efficacy. 
The trial results further highlight the need for a change 
in treatment for mass drug administration campaigns, 
since we found low efficacy of albendazole according to 
the WHO reference efficacy (arithmetic mean-based 
ERR <50%) in all three settings.22 The observed cure rates 
were even lower than the initially assumed cure rate for 
albendazole of 30%, which might be explained by a more 
rigid eligibility criterion (minimal egg count of 100 EPG) 
and diagnostic approach (four Kato-Katz slides analysed 
per timepoint) than used in earlier studies. Ivermectin–
albendazole showed a good safety profile, with mostly 
mild and transient adverse events. More moderate and 
severe adverse events were observed 24 h after treatment 
than 3 h after treatment and in the ivermectin–
albendazole group than in the albendazole monotherapy 
group. This finding might in part be explained by the 
half-life of ivermectin (ie, approximately 18–28 h in 
humans).23 Nevertheless, trials like this one are not 
powered to assess statistical differences in safety 
outcomes.

The efficacy of ivermectin–albendazole on Pemba 
Island was slightly higher in our study (cure rate 49%) 
than in earlier studies in Zanzibari school-aged children 
(cure rates 38% and 28%);13,14 however, in a subgroup 
analysis in which we considered only school-aged 
children (6–12 years), the cure rate was similar to the 
earlier studies (26%). Previous trials done in Asian 
settings showed similar or higher cure rates for 
combination therapy in T trichiura-infected children 
from the Philippines (65%) and Sri Lanka (79%) 
compared with children from Laos (52%),11,12 yet these 
data were collected around 20 years ago and the 
diagnostic approaches used in those studies were less 
rigid than the diagnostic approach we applied. While the 
two African trial cohorts were relatively comparable with 
regard to age composition and baseline infection 
intensity of T trichiura, the mean age in Laos was much 
older and in turn baseline EPGs were lower. Subgroup 
analysis has shown that baseline infection intensities 
have an important role in treatment efficacy and thus 
might in part explain why the highest cure rates for 
ivermectin–albendazole were found in Laos.

The low efficacy of ivermectin–albendazole against 
T trichiura in Côte d’Ivoire warrants further investigation. 
Several patient factors might influence treatment 
outcome. Metabolisation and drug absorption are 
universally accepted to play a role in drug efficacy, but in 
the case of intestinal parasites, direct drug exposure in 
the lumen might be as important to kill them. To 
date, the influence of changes in drug disposition of 
albendazole and ivermectin on efficacy have not been 
described. Moreover, the nutritional and immunological 
status, as well as the intestinal microbiome, of patients 
are believed to have a potential impact on pharma-
cokinetics or how effectively parasitic infections are 
cleared.24,25

Acquired drug resistance might be another explanation 
for treatment failure. However, there is no evidence for 
resistance in human STH infections, and potential 
mechanisms of ivermectin resistance in T trichiura are yet 
to be fully understood.23 Nonetheless, drug pressure 
might trigger anthelmintic resistance and should not be 
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under estimated. Côte d’Ivoire has the longest history of 
community-wide use of ivermectin to fight filarial 
diseases, compared with Laos, where to date ivermectin 
has not been used in any programme.26,27 In Laos, mainly 
mebendazole is provided for STH control. On Pemba 
Island, mass drug administration against lymphatic 
filariasis was stopped in 2015 after six rounds.28 We 
observed no typical patterns of acquired resistance in the 
data, such as geographical heterogeneity in efficacy, as 
efficacy was similarly low in villages situated within a 
perimeter of up to 40 km distance. Moreover, a surprisingly 
low efficacy of ivermectin was observed in dose-finding 
studies in another study area in Côte d’Ivoire.29

Differences in parasite genetics, causing variance in 
parasite defense systems (eg, drug efflux pumps and 
detoxification enzymes), among T trichiura strains might 
have a role in reduced treatment efficacy.7,30 Whole-
genome and amplicon sequencing of local T trichiura 
parasites or eggs might provide further insight into 
potential adaptations of the Côte d’Ivoire strain.31

The biggest limitation of our study was the reduced 
sensitivity of the Kato-Katz diagnosis technique 
compared with PCR-based diagnosis. However, to 
minimise potential overestimation of efficacy measures, 
we applied rigorous inclusion criteria for positive 
individuals (ie, 100 EPG and two out of four Kato-Katz 
slides positive). Furthermore, we performed qPCR 
diagnosis on samples from Pemba Island and compared 
efficacy measures. These findings revealed lower cure 
rates in PCR-based diagnosis than in diagnosis with the 
Kato-Katz technique, but ivermectin–albendazole still 
showed significantly higher cure rates against T trichiura 
than albendazole.8 Our safety outcomes were descriptive 
and did not explore for multiple events nor account for 
differential follow-up between settings. Comparison of 
safety outcomes between settings should thus be 
interpreted with caution.

Countries affected by trichuriasis, strongyloidiasis, and 
scabies would clearly benefit from introduction or 
broader application of ivermectin–albendazole, which is 
currently exclusively used for onchocerciasis and 
lymphatic filariasis.28 These efforts would go hand in 
hand with the recommendations put forth by WHO in 
the 2021–30 roadmap for neglected tropical diseases.4 
A current obstacle for use of ivermectin–albendazole in 
STH programmes is the prohibitive costs of good-quality 
ivermectin and the absence of donations for this purpose; 
the Mectizan Donation Program covers only lymphatic 
filariasis and onchocerciasis.4 Challenges for community-
wide ivermectin–albendazole implementation include 
administration to identified at-risk groups (preschool-
aged children and pregnant and lactating women).3 
Ivermectin is not recommended for children shorter 
than 90 cm or weighing less than 15 kg, pregnant women, 
or lactating women in the first week after birth.9 New 
evidence on ivermectin safety and field-applicable 
solutions for dosing are needed. Simultaneously, efforts 

should be made to identify and test alternative treatment 
options to effectively treat infections in areas with low 
ivermectin–albendazole efficacy against T trichiura. 
Alternative drug combination candidates could be 
oxantel pamoate or moxidectin with albendazole against 
T trichiura infections.8

In conclusion, ivermectin–albendazole, the only 
approved and available combination anthelmintic 
therapy, is a valuable and safe alternative treatment to 
albendazole monotherapy, which showed low efficacy 
against T trichiura in all settings. Future trials might 
look at effectiveness rather than efficacy using cluster-
randomised designs, allowing for inclusion of bigger 
sample sizes and more conclusive safety comparisons. 
Current diagnosis to assess STH efficacy in trials should 
be complemented by molecular techniques (eg, qPCR) in 
at least a subsample from each trial site to better depict 
the real-life performance.
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Abstract

Background

Preventive chemotherapy is the cornerstone of soil-transmitted helminth (STH) control.

Long-term outcomes and adequate treatment frequency of the recently recommended

albendazole-ivermectin have not been studied to date.

Methodology/principal findings

Double-blind randomized controlled trials were conducted in Lao PDR, Pemba Island, Tan-

zania and Côte d’Ivoire between 2018 and 2020 to evaluate the efficacy and safety of iver-

mectin-albendazole versus albendazole-placebo in Trichuris trichiura-infected individuals

aged 6 to 60. In the framework of this study, in Lao PDR 466 and 413 participants and on

Pemba Island, 558 and 515 participants were followed-up six and 12 months post-treat-

ment, respectively. From each participant at least one stool sample was processed for Kato-

Katz diagnosis and cure rates (CRs), egg reduction rates (ERRs) and apparent reinfection

rates were calculated. If found helminth-positive at six months, participants were re-treated

according to their allocated treatment.

Long-term outcomes against T. trichiura based on CRs and ERRs of ivermectin-albenda-

zole compared to albendazole were significantly higher at six months in Lao PDR (CR, 65.8

vs 13.4%, difference; 52.4; 95% CI 45.0–60.0; ERRs, 99.0 vs 79.6, difference 19.4; 95% CI

14.4–24.4) and Pemba Island (CR, 17.8 vs 1.4%, difference; 16.4; 95% CI 11.6–21.0;

ERRs, 84.9 vs 21.2, difference 63.8; 95% CI 50.6–76.9) and also at 12 months in Lao PDR

(CR, 74.0 vs 23.4%, difference; 50.6; 95% CI 42.6–61.0; ERRs, 99.6 vs 91.3, difference 8.3;

95% CI 5.7–10.8) and Pemba Island (CR, 19.5 vs 3.4%, difference; 16.1; 95% CI 10.7–

21.5; ERRs, 92.9 vs 53.6, difference 39.3; 95% CI 31.2–47.4) respectively.
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Apparent reinfection rates with T. trichiura were considerably higher on Pemba Island

(100.0%, 95% CI, 29.2–100.0) than in Lao PDR (10.0%, 95% CI, 0.2–44.5) at 12 months

post-treatment for participants treated with albendazole alone.

Conclusions/significance

The long-term outcomes against T. trichiura of ivermectin-albendazole are superior to

albendazole in terms of CRs and ERRs and in reducing infection intensities. Our results will

help to guide decisions on how to best use ivermectin-albendazole in the context of large-

scale PC programs tailored to the local context to sustainably control STH infections.

Trial registration

ClinicalTrials.gov registered with clinicaltrials.gov, reference: NCT03527732, date assigned:

17 May 2018.

Author summary

Around 1.5 billion people are infected with the gastrointestinal dwelling nematodes, the

so-called soil-transmitted helminths (STHs). Especially chronic high-intensity infections

with these parasites can cause substantial morbidity in endemic regions. Preventive che-

motherapy, which is the regular administration of a single dose of an anthelmintic drug to

at-risk populations, aims to reduce morbidity by lowering the prevalence and intensity of

STH infections. Due to the suboptimal efficacy of these recommended single dose mono-

therapies, particularly against Trichuris trichiura, the use of drug combinations with dis-

similar modes of action may enhance treatment efficacy. In double-blind randomized

controlled trials in Lao PDR and on Pemba Island, Tanzania, we examined the long-term

outcomes of ivermectin-albendazole versus albendazole alone, against T. trichiura. We

assessed the infection status, apparent reinfections, new infections and the change of

infection intensity for the three major STH species six and 12 months post-treatment. The

long-term outcomes (in terms of cure and egg-reduction rates) of the ivermectin-albenda-

zole combination therapy against T. trichiura were significantly higher than that of alben-

dazole alone at all-time points and in both countries. Bi-annual treatment intervals using

the ivermectin-albendazole combination might be necessary to sustainably decrease trans-

mission of STH infections.

Background

Infection with soil-transmitted helminths (STHs) (i.e. Ascaris lumbricoides, Trichuris trichiura
and hookworms) is the most common and widespread parasitic human disease worldwide,

mostly affecting marginalized populations in tropical and subtropical regions with limited

access to adequate water, sanitation and hygiene [1–4]. STHs live in the intestine and are

passed in the feces of an infected human host. Infections occur as a result of contact with infec-

tive stages in contaminated water sources, food or soil [5]. Approximately 1.5 billion individu-

als are infected with STHs worldwide, accounting for an estimated global disease burden of

1.92 million disability-adjusted life years in 2017 [6]. Diseases accompanying these infections

cause substantial morbidity manifested as anemia [7], growth retardation and delayed

PLOS NEGLECTED TROPICAL DISEASES Long-term outcomes of ivermectin-albendazole against soil-transmitted helminths

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009561 June 30, 2021 2 / 18

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

information files.

Funding: JK is grateful to the Bill and Melinda

Gates Foundation for financial support

(OPP1153928) The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: CI, confidence interval; CR, cure

rates; EPG, eggs per gram; ERR, egg-reduction

rates; GM, geometric mean; MDA, mass drug

administration; OD, odds ratio; PC, preventive

chemotherapy; RCT, randomized controlled trial;

SAC, school-aged children; SES, socio-economic

status; STH, soil-transmitted helminth; WHO,

World Health Organization.

97

https://clinicaltrials.gov/ct2/show/NCT03527732
https://doi.org/10.1371/journal.pntd.0009561


cognitive development in children [8], reduction in work performance in adulthood [9] and

adverse pregnancy outcomes [10,11].

The mainstay of global STH control recommended by the World Health Organization

(WHO) is preventive chemotherapy (PC) that is the periodic administration of an oral mono-

dose of benzimidazoles carbamates (i.e. albendazole, mebendazole) to at-risk populations

without prior diagnosis. These cost-effective deworming campaigns aim at reducing the worm

burden to limit the progressive damage from chronic and recurrent infections [4,5]. Hence,

the WHO goal for 2030 is morbidity control, defined as the reduction of moderate-to-heavy

intensity infections to<2% in preschool-aged children (pre-SAC) and school-aged children

(SAC) [12]. Yearly PC is recommended as a public health intervention for all children above

12 months of age in areas where any STH prevalence is between 20% and 50%, bi-annual

administration is recommended where the prevalence exceeds 50% [13]. In settings where

morbidity control has been achieved but the risk of transmission continues, a progressive

reduction in PC frequency rather than stopping treatment programs is recommended to keep

morbidity levels low [12].

While PC may be useful to control morbidity, it is less effective in transmission control

[14–16], as the environmental contamination with eggs and larvae and individuals’ exposures

to environmental contamination remain high [17]. Hence, individuals may acquire infections

rapidly after mass drug administration (MDA) campaigns, especially in the absence of ade-

quate water supply, sanitation and hygiene [1,8,18].

The use of drug combinations with dissimilar modes of action might enhance treatment

efficacy, as the recommended single dose monotherapies show limited efficacy, particularly

against T. trichiura [19]. The combined use of ivermectin-albendazole has been recently

included in the WHO Model List of Essential Medicine for treating intestinal helminths [20].

In a clinical trial conducted between 2018 and 2020 in Côte d’Ivoire, Lao People’s Demo-

cratic Republic (PDR) and Pemba Island, Tanzania, we examined the efficacy of ivermectin-

albendazole versus albendazole alone. In brief, the ivermectin-albendazole combination

revealed significantly higher cure rates (CR, 65.7% vs 8.2% for Lao PDR, and 48.6% vs 6.1% for

Pemba Island) and higher egg-reduction rates (ERR, 99.2% vs 68.8% in Lao PDR and 98.3% vs
57.1%) on Pemba Island against T. trichiura than albendazole alone. However, in Côte

d’Ivoire, albendazole alone and also in combination with ivermectin showed low efficacy in

terms of both CR (10.2% vs 13.8%), and ERR (64.1% vs 70.2%). Detailed short-term efficacy

results (14–21 days post-treatment) are published elsewhere [21].

The aim of the present study was to evaluate long-term outcomes (CR, ERR) and reinfec-

tion patterns of ivermectin-albendazole combination compared to albendazole alone six and

12 months post-treatment (including a re-treatment at six months in helminth positives)

against T. trichiura and concomitant STH infections.

Methods

Ethics statement

Prior to the study initiation, ethical clearance was granted by the Ethics Committee of North-

western and Central Switzerland (EKNZ; reference no: BASEC Nr Req-2018-00494), the

National Ethics Committee for Health Research, Ministry of Health in Lao PDR (reference no:

093/NECHR) and the Zanzibar Medical Research and Ethics Committee (ZAMREC, reference

no.: ZAMREC/0003/Feb/2018) and the Comité National d’Éthique et de la Recherche, Minis-

tère de la Santé et de Lutte contre le SIDA (reference no.: 088–18/MSHP/CNESVS-km) and

the Direction de la Pharmacie, du Médicament et des Laboratoires (reference no. ECCI00918)

in Côte d’Ivoire. Trial details are summarized in the published trial protocol [22] and in the
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trial registration (clinicaltrials.gov, reference: NCT03527732, date assigned: 17 May 2018).

Written informed consent was sought from adult participants and caregivers of children aged

six to 17 prior to study enrolment. Children aged below the age of adulthood gave oral assent.

Study participants and design

The presented data derived from a double-blind, standard of care-controlled randomized con-

trolled trial (RCT) conducted in the Nam Bak district in Luang Prabang Province in Lao PDR

and in the Chake Chake district, South Pemba on Pemba Island, Tanzania between September

2018 to July 2020. Data from the third study site, Côte d’Ivoire, are not presented here as the

study was stopped after the first follow-up time point.

Consenting participants were eligible for the trial if they had provided two fecal samples at

baseline, were aged between six and 60 years, weighed at least 15 kg, were positive for T. tri-
chiura infection in at least two slides of the quadruple Kato-Katz smears and had an infection

intensity of at least 100 eggs per gram (EPG) of stool. After an initial clinical examination, par-

ticipants were excluded if they were pregnant or lactating in the 1st week after birth, had a

major systemic illness, had clinical malaria, had a history of severe acute or chronic diseases,

or met other exclusion criteria listed in the trial protocol [22].

The clinical trial involved four assessment time points: baseline, 14–21 days, six and 12

months post-treatment. Participants positive for any STH were re-treated according to their

study arm at six months. Treated participants were asked to provide two stool samples at each

time point, whereof some provided no follow-up data, some incomplete and some complete

follow-up data.

Randomization and masking

The trial statistician, who was not involved in any field work, provided a computer-generated

stratified (baseline infection intensity: light infections (<1000 EPG), and moderate/heavy

infections (�1000 EPG)) allocation sequence with variable block size (blocks of four, six or

eight). Eligible participants were allocated 1:1 to either albendazole (400 mg) plus ivermectin

(200 μg/kg body weight), or albendazole (400 mg) plus placebo. Matching ivermectin placebo

tablets were provided by the University of Basel. Treatment allocation was concealed: prior to

trial initiation two people independent to the study prepared sealed, opaque, and sequentially

numbered envelopes containing the treatment arm for each participant. Participants, investi-

gators, outcome assessors and the trial statistician were blinded during the whole study period.

Study procedures

A census was conducted at the start of screening, during which the name, sex, age and village

was recorded and a unique pseudonymized identifier was assigned to all individuals. A ques-

tionnaire was applied to an adult from each household by a trained interviewer in the local lan-

guage (Lao or Swahili) during the trial to assess the socio-economic status (e.g. possession of a

number of household items).

Consenting participants were asked to provide two fresh morning stool samples, preferably

on consecutive days and within a maximum of 5 days apart at each time point assessment. Col-

lected stool samples were kept in a cooling box containing ice packs while being transported to

the laboratory. Samples were examined with quadruplicate Kato-Katz microscopy within 24 h

after collection for the detection of STH ova by experienced laboratory technicians following

the WHO standard procedures [23]. The eggs of T. trichiura, A. lumbricoides and hookworm

eggs were counted and recorded for each species separately. Ten percent of all Kato-Katz

slides were randomly selected, re-labelled with new identification numbers and re-read for
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A. lumbricoides and T. trichiura for quality control. To ensure quality of hookworm diagnosis,

10% of the stool samples were divided into two sub-samples and duplicate Kato-Katz were

made from both containers and the findings compared. Additionally, in Lao PDR, stool sam-

ples were examined for Opisthorchis viverrini and Strongyloides stercoralis. Egg counts of

O. viverrini derived from the same Kato-Katz thick smears, whereas S. stercoralis samples were

classified as larvae-positive or negative using the Baermann technique [24].

Study outcomes

The outcomes reported here from this clinical trial were CR and ERRs of STH infections

six and 12 months post-treatment, as well as apparent reinfection rates with T. trichiura
and newly acquired infections with A. lumbricoides and hookworm at the two follow-up

assessments.

Sample size

For the sample size calculation we considered potential treatment efficacy of each treatment

arm at study start and after re-treatment at 6 months in order to be able to identify a difference

in the 12 month infection status between arms [22]. In brief, a CR of 30% using albendazole

against T. trichiura and a CR of 50% using the ivermectin-albendazole combination therapy

was assumed. Additionally, we assumed the same treatment efficacy and a reinfection risk of

10% six months post-treatment. Thus, 44% and 65% of participants treated with albendazole

and ivermectin-albendazole were expected to be STH-negative at 12 months post-treatment

respectively. Accounting for a loss to follow-up of 30% at six months and 40% at 12 months

post-treatment (final assessment), we obtained a final sample size of 600 participants (300 per

treatment arm) in each country, with a total of 1200 participants.

Statistical analysis

Paper-based data were double-entered and cross-checked in EpiInfo version 3.5.4 (Centers for

Disease Control and Prevention, Atlanta, United States of America) by two independent data

clerks and merged into a single database for statistical analysis using StataIC15 (StatCorp.; Col-

lege Station, TX). Figures were generated with R 3.4.0. The parasitological status of participants

was described in terms of prevalence and infection intensity for T. trichiura, A. lumbricoides
and hookworm and assessed for both treatment arms at baseline, 14–21 days (short-term), six

and 12 months (long-term) post-treatment. In Lao PDR, the prevalence of co-infections with

O. viverrini and S. stercoralis at each time point was also taken into account. Results from the

duplicate Kato-Katz thick smears from each of the two stool samples were summed and multi-

plied by a factor of six to be expressed as geometric mean (GM) EPG using the following for-

mula: (GM = exp ((S log (EPG + 1))/n) − 1) [25]. Infection intensity was categorized as light

(1–999 EPG), moderate (1000–9999 EPG) or heavy (>9999 EPG) for T. trichiura. Similarly,

the intensity of A. lumbricoides and hookworm infections was classified according to WHO

recommendations, based on guidelines established by Montresor et al. [25].

Long-term drug effect measures

CRs were defined as the proportion of egg-positive individuals who became egg-negative 14–

21 days post-treatment. Long-term outcomes of the two treatments were measured in terms of

CRs and extended ERRs. The CRs was defined by individuals testing negative at 14–21 days

post-treatment as well as either at six and/or at 12 months post-treatment. The ERR, using GM
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EPG, was calculated with the following formula: ERR ¼ 1 � e
1
nS log ðEPGfollow� up þ 1Þ� 1

e
1
nS log ðEPGbaseline þ 1Þ� 1

� �
�100. The

melded binomial test with mid-p correction was used to calculate differences in CRs and its

corresponding 95% CIs. Interval estimates for the differences in ERRs among the two treat-

ment groups were estimated using Bootstrap resampling algorithms with 5000 replications.

Odds ratios (ORs) for CRs with corresponding 95% CIs and the difference (%-points) among

treatment arms in CRs were assessed using logistic regression. A crude logistic regression was

used for the 6-months follow-up; while adjustment for participant’s age and sex, socioeco-

nomic status (SES), treatment arm, mean EPG at six months and co-infection of other parasitic

infections (in Lao PDR only) were made for the 12-months follow-up. The SES was calculated

using a household asset-based approach [26], where the weight of each household asset was

determined using principal component analysis and an index score was generated. Households

were classified into wealth quartiles according to their index score. Questions used to assess

the SES are summarized in the supporting information (S1 Text).

Reinfection measures

Apparent reinfection rates for all three major STH species were defined as individuals positive

at baseline, negative at 14–21 days and positive at six and/or 12 months post-treatment. New

infections were defined as individuals negative at baseline and 14–21 days post-treatment and

positive at six or 12 months. As all participants, per study design, were positive for T. trichiura
at baseline, new infections were only applicable for A. lumbricoides, hookworm and S. stercora-
lis (in Lao PDR only) infections. Due to the low number of cured participants for albendazole

alone (n = 31/232) in Lao PDR and (n = 4/282) on Pemba Island 6 months post-treatment, the

odds for being reinfected were not calculated. P-values <0.05 were considered statistically

significant.

Results

In total, 549 participants in Lao PDR and 613 participants on Pemba Island were randomized

and treated with either (i) ivermectin-albendazole or (ii) albendazole-placebo at baseline (Fig

1). In Lao PDR 407, 466 and 413 participants provided at least one stool sample to assess infec-

tion status 14–21 days, six and 12 months post-treatment while on Pemba Island 581, 558 and

515 participated in the corresponding follow-up examinations. Of note, due to the COVID-19

pandemic, the sample collection at the 12 months follow-up in Lao PDR started with a delay of

approximately six weeks.

Baseline characteristics of country trial cohorts

Baseline parasitological and demographic characteristics are summarized in Table 1. 53.0% of

participants in Lao PDR and 55.5% of participants on Pemba Island were female. The majority

of participants (62.7%) in Lao PDR were adults (mean age of 26.8 years), while participants on

Pemba Island were predominantly school-aged children (61.2%, mean age of 14.0 years). 321

(69.9%) of participants in Lao PDR were also infected with either A. lumbricoides or hook-

worm, and 195 (35.5%) were infected with all three STHs. On Pemba Island, 131 (21.4%) were

co-infected with another STH and 44 (7.2%) were infected with all three parasites. In Lao

PDR, 117 (21.3%) and 59 (10.8%) of the participants were also co-infected with O. viverrini
and S. stercoralis, respectively (Table 1).
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Long-term outcomes against T. trichiura six and 12 months post-treatment

As participants were only enrolled if T. trichiura positive by design, prevalence of the study

cohort was 100% at baseline (N = 549 in Lao PDR, N = 613 on Pemba Island). The short-term

Fig 1. Study design flow chart for Lao PDR (A) and Pemba Island (B). Abbreviations: T. trichiura, Trichuris
trichiura; ALB, albendazole monotherapy; IVM-ALB, ivermectin-albendazole combination therapy. In Lao PDR

“helminth positive” includes infections with Strongyloides stercoralis

https://doi.org/10.1371/journal.pntd.0009561.g001
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efficacies 14–21 days post-treatment are summarized in Table 2 and presented in more detail

elsewhere [21].

In both settings, CRs on T. trichiura six months post-treatment were significantly higher

for ivermectin-albendazole compared to albendazole alone [Lao PDR: 65.8% vs 13.4%;

Table 1. Baseline characteristics of country trial cohorts.

Characteristics Lao PDR Pemba Island

Albendazole monotherapy

(n = 274)

Ivermectin-albendazole

(n = 275)a
Albendazole monotherapy

(n = 305)

Ivermectin-albendazole

(n = 308)b

Age group, n (%)

School-aged (6–17 yrs) 92 (33.6) 113 (41.1) 191 (62.6) 184 (59.7)

Adults (18–60 yrs) 182 (66.4) 162 (58.9) 114 (37.4) 124 (40.3)

Sex, n (%)

Female 144 (52.6) 147 (53.4) 171 (56.1) 169 (54.9)

Male 130 (47.4) 128 (46.6) 134 (43.9) 139 (45.1)

T. trichiura infection

Geometric mean EPG 369.8 361.0 462.8 463.2

Infection intensityc, n (%)

Light 232 (84.7) 232 (84.4) 231 (75.7) 234 (76.0)

Moderate 42 (15.3) 42 (15.3) 74 (24.3) 71 (23.1)

Heavy 0 (0.0) 1 (0.3) 0 (0.0) 3 (1.0)

A. lumbricoides infection

Infected, n (%) 112 (40.9) 96 (34.9) 74 (24.3) 90 (29.2)

Geometric mean EPG 3991.2 3635.0 4515.3 2979.5

Infection intensityc, n (%)

Light 58 (51.8) 48 (50.0) 35 (47.3) 52 (57.8)

Moderate 47 (42.0) 44 (45.8) 38 (51.4) 37 (41.1)

Heavy 7 (6.2) 4 (4.2) 1 (1.4) 1 (1.1)

Hookworm infection

Infected, n (%) 250 (91.2) 253 (92.0) 53 (17.4) 42 (13.6)

Geometric mean EPG 804.8 840.3 100.5 79.9

Infection intensityc, n (%)

Light 182 (72.8) 184 (72.7) 53 (100.0) 42 (100.0)

Moderate 68 (27.2) 69 (27.3) 0 (0.0) 0 (0.0)

Heavy 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Total co-infections of T.

trichiura
with 1 other STH 159 (58.0) 167 (60.7) 85 (27.9) 86 (27.9)

with 2 other STH 104 (38.0) 91 (33.1) 21 (6.9) 23 (7.5)

with S. stercoralis d

Infected/Surveyed, n (%) 29/273 (10.6) 30/274 (11.0) ND ND

with O. viverrinie

Infected, n (%) 35 (12.8) 33 (12.0) ND ND

Abbreviations: A. lumbricoides, Ascaris lumbricoides; T. trichiura, Trichuris trichiura; S. stercoralis, Strongyloides stercoralis; O. viverrini, Opisthorchis viverrini; ND, not

determined
a Two of the 275 participants were mistakenly randomized (age >60 yrs)
b One of the 308 participants was mistakenly randomized (<100 EPG)
c Infection intensities were classified according to WHO recommendations, based on guidelines established by Montresor et al. (1998) [25]
d Baermann technique to detect S. stercoralis infection was only applied in Lao PDR. Two Lao participants (one of each arm) have no S. stercoralis result.
e Detection of O. viverrini eggs was only applied in Lao PDR

https://doi.org/10.1371/journal.pntd.0009561.t001
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Table 2. Short and long-term outcomes and reinfection data for ivermectin-albendazole and albendazole alone against T. trichiura in Lao PDR and Pemba Island.

Time point Albendazole alone Ivermectin-

albendazole

Difference

(%-points)

95% CI Odds Ratio for being curedabc (95%

CI)

Lao PDR

N participants randomized (%) Baseline 274 (100) 275 (100)

N participants cured/N surveyed (CR,

%)

14–21 days 16/194 (8.2) 140/213 (65.7) 57.5 [50.0–

64.9]�

N participants negative (CR, %) 6 months 31/232 (13.4) 154/234 (65.8) 52.4 [45.0–

60.0]�
12.5 [7.8–19.9]

12 months 48/205 (23.4) 154/208 (74.0) 50.6 [42.6–

61.0]�
9.9 [3.9–25.4]

EPG geometric mean Baseline 369.8 361

14–21 days 115.5 3.0

6 months 77.3 3.6

12 months 33.5 1.7

ERR geometric 14–21 days 68.8 99.2 30.4 [23.6–

37.2]�

Extended ERR 6 months 79.6 99.0 19.4 [14.4–

24.4]�

12 months 91.3 99.6 8.3 [5.7–10.8]�

N re-treated participants (%) 6 months 199 (72.6) 153 (55.6)

Apparent reinfections (%) 6 months 2/15 (13.3) 18/126 (14.3) -1.0 [-19.2–

17.3]

N pos/N curedd (%) 12 months 1/10 (10.0) 13/93 (14.0) -4.0 [-23.8–

15.9]

Pemba Island

N participants randomized (%) Baseline 305 (100) 308 (100)

N participants cured/N surveyed (CR,

%)

14–21 days 18/293 (6.1) 140/288 (48.6) 42.5 [36.1–

48.9]�

N participants negative (CR, %) 6 months 4/282 (1.4) 49/276 (17.8) 16.4 [11.6–

21.0]�
15.0 [5.3–42.2]

12 months 9/264 (3.4) 49/251 (19.5) 16.1 [10.7–

21.5]�
4.7 [2.1–10.5]

EPG geometric mean Baseline 462.8 463.2

14–21 days 198.5 8.0

6 months 356.4 70.3

12 months 220 33.8

ERR geometric 14–21 days 57.1 98.3 41.2 [33.0–

49.3]�

Extended ERR 6 months 21.2 84.9 63.8 [50.6–

76.9]�

12 months 53.6 92.9 39.3 [31.2–

47.4]�

N re-treated participants (%) 6 months 274 (97.1) 222 (80.4)

Apparent reinfections (%) 6 months 15/18 (83.3) 88/130 (67.7) 15.6 [-3.3–34.6]

N pos/N curedd (%) 12 months 3/3 (100) 25/42 (59.5) 40.5 [25.6–55.3]

Abbreviations: CI, confidence interval; CR, cure rate; EPG, egg per gram of stool; ERR, egg reduction rate; ND, not determined

Participants were re-treated if found positive for T. trichiura, A. lumbricoides, hookworm or S. stercoralis (in Lao PDR only)

Apparent reinfections were defined as participants positive at baseline, negative at 14–21 days and positive at six and/or 12 months post-treatment
a Albendazole-placebo is considered as the reference group
b Crude odds ratio for six months follow-up, adjusted odds ratio for 12 months follow-up
c Adjusted for age, sex, socio-economic status, treatment arm and mean EPG at 6 months
d N cured refers to all participants being cured at the time point assessment before; cured at 14–21 days assessment for the 6 months follow-up and cured at 6 months

assessment for the 12 months follow-up, respectively

�Statistically significant (P-value <0.05)

https://doi.org/10.1371/journal.pntd.0009561.t002
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difference 52.4%-points; 95% CI, 45.0–60.0; Pemba Island: 17.8% vs 1.4% [difference 16.4%-

points; 95% CI, 11.6–21.0]. Similarly, the CRs on T. trichiura documented 12 months post-

treatment were significantly higher for ivermectin-albendazole compared to albendazole alone

in Lao PDR [difference 50.6%-points; 95% CI, 42.6–61.0] and also on Pemba Island [difference

16.1%-points; 95% CI, 10.7–21.5].

Geometric mean based ERRs following administration of ivermectin-albendazole were sig-

nificantly higher than those obtained from albendazole alone in Lao PDR [difference 19.4;

95% CI, 14.4–24.4] and on Pemba Island [difference 63.8; 95% CI, 50.6–76.9] six months post-

treatment. The geometric mean based ERR 12 months post-treatment were also significantly

higher for ivermectin-albendazole in either setting (Table 2). According to the results of the

univariate logistic regression analyses, the crude OR for being cured following treatment with

the ivermectin-albendazole combination at 6 month post-treatment was 12.5 [95% CI, 7.8–

19.9] in Lao PDR and 15.0 [95% CI, 5.3–42.2] on Pemba Island. The adjusted ORs for being

cured at 12 months were 9.9 [95% CI, 3.9–25.4] in Lao PDR and 4.7 [95% CI, 2.1–10.5] on

Pemba Island (Table 2).

The sample size for the apparent reinfection rates was limited, as only cured (at 14–21 days

post-treatment) participants were included. Apparent reinfection rates were considerably

higher on Pemba Island independent of the treatment. All participants receiving albendazole

alone were reinfected at least once within the study period (apparent reinfection rate of 100%)

on Pemba Island. Apparent reinfection rates in Lao PDR remained low at both assessment

time points and also regardless the treatment arm. Of note, as CRs 14–21 days post-treatment

with albendazole alone were low against T. trichiura (8.2% in Lao PDR and 6.1% on Pemba

Island), the odds for apparent reinfections have not been calculated.

Trichuris trichiura infection intensity dynamics

Moderately and highly infected participants were equally balanced among both treatment

arms at baseline. In both study settings, most T. trichiura infections were of light intensity

(Table 1). The ivermectin-albendazole combination led to a larger reduction of heavy and

moderate T. trichiura infections into light infections, both at six and 12 months post-treat-

ment, when compared to albendazole alone. In detail, baseline moderate to heavy infection

intensities decreased from 15.3% (95% CI, 11.3–20.1) to 0.5% (95% CI, 0.1–2.6) in Lao PDR

and from 24.0% (95% CI, 19.4–29.2) to 1.2% (95% CI, 0.3–4.3) on Pemba Island 12 months

post treatment with ivermectin-albendazole. The dynamics of infection intensities of T. tri-
chiura at baseline, 14–21 days, six and 12 months post-treatment for participants is depicted in

Fig 2.

Long-term drug outcomes against Ascaris lumbricoides six and 12 months

post-treatment

Among participants included in the trial, 208 (37.8%) in Lao PDR and 164 (26.8%) on Pemba

Island were co-infected with A. lumbricoides at baseline. Although treatment efficacies 14–21

days post-treatment were high among both treatment arms, follow-up prevalences at six and

12 months were similar to the pre-treatment levels among both treatments on Pemba Island,

while slightly less participants were infected with A. lumbricoides six and 12 month following

treatment with the ivermectin-albendazole combination in Lao PDR (summarized in S1

Table). While the ERRs at the first follow-up were high (ERR, 98.8–100), ERRs six months

post-treatment were considerably lower (ERR, -5.7–82.2). In total, 43 (33.6%) of cured partici-

pants in Lao PDR and 62 (44.9%) on Pemba Island were found to be reinfected at the six

months assessment time point. The majority of reinfected participants harbored a light
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A. lumbricoides infection. The number of new infections six and 12 months post-treatment

was similar among both treatment arms. In total, new infections at 6 months post-treatment

were observed for 28 (12.0%) participants in Lao PDR and for 63 (15.8%) participants on

Pemba Island. Similar observations were obtained at the 12 months follow-up (S1 Table). The

dynamics of infection intensities of A. lumbricoides at baseline, 14–21 days, six and 12 months

post-treatment for participants is summarized in Fig 3.

Long-term outcomes against hookworm six and 12 months post-treatment

At baseline, 503 (91.6%) participants in Lao PDR and 95 (15.5%) participants on Pemba Island

were co-infected with hookworm. Among those infected with hookworm, 117 (25%) harbored

Fig 2. Proportion of infection intensities of T. trichiura at baseline, 14–21 days, six and 12 months post-treatment in Lao PDR

(A) and Pemba Island (B) for ivermectin-albendazole above and albendazole-placebo below. 315 participants in Lao PDR and

492 participants on Pemba Island had a complete data set. Red dashed lines at baseline and follow up represent treatment time

points. Abbreviations: BL, baseline assessment; N, number of participants with a complete data set; 3wk, 14–21 days post-treatment

follow-up; 6m, 6 months post-treatment follow-up; 1yr, 12 months post-treatment follow-up.

https://doi.org/10.1371/journal.pntd.0009561.g002

Fig 3. Proportion of infection intensities of A. lumbricoides at baseline, 14–21 days, six and 12 months post-treatment in Lao

PDR (A) and Pemba Island (B) for ivermectin-albendazole above and albendazole-placebo below. 114 participants in Lao PDR

and 127 participants on Pemba Island were initially infected with A. lumbricoides and had a complete data set. Red dashed lines at

baseline and follow up represent treatment time points. Abbreviations: BL, baseline assessment; N, number of participants with a

complete data set; 3wk, 14–21 days post-treatment follow-up; 6m, 6 months post-treatment follow-up; 1yr, 12 months post-

treatment follow-up.

https://doi.org/10.1371/journal.pntd.0009561.g003
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moderate infections in Lao PDR, while all hookworm infection were of light infection intensity

on Pemba Island. Corresponding treatment efficacies at 14–21 days were moderate in Lao

PDR and high on Pemba Island for both treatment arms (summarized in S1 Table) [21]. The

CRs six and 12 months post-treatment remained moderate in Lao PDR and high on Pemba

Island. In total, 238 (51.1%) participants in Lao PDR and 34 (5.8%) participants on Pemba

Island were infected with hookworm six months post-treatment. Hookworm prevalence fur-

ther dropped to 34.1% in Lao PDR at the 12 months assessment point, while it remained simi-

lar on Pemba Island. The hookworm infection intensity was markedly reduced in Lao PDR at

the first follow-up assessment and remained at this level during the study period.

In total, 50 (26.2%) of cured participants in Lao PDR and 11 (18.0%) participants on Pemba

Island were found to be reinfected at the six months assessment. In total, only 6 (20.7%) partic-

ipants in Lao PDR and 9 (1.9%) participants on Pemba Island acquired a new hookworm

infection at the six months assessment. The number of new infections 12 months post-treat-

ment remained low among both treatment arms (S1 Table). The dynamics of infection intensi-

ties of hookworm at baseline, 14–21 days, six and 12 months post-treatment is presented in

Fig 4.

Discussion

The currently used standard drugs (i.e. albendazole and mebendazole) yield poor efficacy in

clearing T. trichiura infections and reducing worm burden [27,28]. Additionally, the potential

emergence of drug resistance is more topical than ever, yet only few other drugs have been

tested for anthelmintic activity in humans or are currently in the pipeline [29]. Therefore, the

development of new drugs, repurposing of available drugs or use of drug combinations to

expand the armamentarium of treatment options for PC is of paramount importance. In the

current study, we present detailed insights into the dynamics of ivermectin-albendazole, the

most promising approved STH therapy to date using a bi-annual treatment schedule.

Most studies assessing T. trichiura prevalence post-treatment with the standard drugs,

albendazole and mebendazole, report on the prevalence to regress to pre-treatment level

Fig 4. Proportion of infection intensities of hookworm at baseline, 14–21 days, six and 12 months post-treatment in Lao PDR

(A) and Pemba Island (B) for ivermectin-albendazole above and albendazole-placebo below. 289 participants in Lao PDR and 40

participants on Pemba Island were initially infected with hookworm and had a complete data set. Red dashed lines at baseline and

follow up represent treatment time points. Abbreviations: BL, baseline assessment; N, number of participants with a complete data

set; 3wk, 14–21 days post-treatment follow-up; 6m, 6 months post-treatment follow-up; 1yr, 12 months post-treatment follow-up.

https://doi.org/10.1371/journal.pntd.0009561.g004
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between six and 12 months [15,16,30,31], which is in complete agreement with our cohort

receiving albendazole alone. The CRs of albendazole observed in our settings are even lower

than CRs reported in a review and meta-analysis by Jia et al. [14]. Previous long-term studies

struggled with low CR of the standard drug against T. trichiura and concise long-term conclu-

sions on reinfection were lacking to date [14,32]. The results of our study show that the long-

term outcomes (in terms of CRs and ERRs) of the ivermectin-albendazole combination ther-

apy against T. trichiura was significantly higher than that of albendazole alone at all-time

points and in both countries. It is worth highlighting that the excellent long term outcomes of

ivermectin-albendazole are due to the combination’s good short term efficacy, which are still

present after one year of treatment, despite reinfection. A good long-term performance was

particularly observed in Lao PDR, where the T. trichiura prevalence dropped from 100.0% to

23.0% within the study period of 12 months. Additionally, the combination therapy led to a

larger reduction of moderate and heavy T. trichiura infections, the key indicator from a public

health perspective [33], and successfully reduced the occurrence of these infections to below

1.5% within the 12 months in both countries. These results comply with the indicator for the

2030 target for STH elimination put forward by WHO [12].

On the other hand, the data derived from this study confirm that the current standard

anthelminthic drug (albendazole alone) is not sufficiently effective and, thus, should only be

used in combination with ivermectin or be replaced by more potent anthelminthics in future

deworming programs in particular in settings with a high prevalence of T. trichiura. Of note,

however, ivermectin-albendazole revealed an unsatisfactory short-term efficacy in Côte

d’Ivoire that warrants further investigation and, hence, limits the generalizability of the pre-

sented long-term findings on ivermectin-albendazole.

Infection intensities usually recover slower than prevalences post-treatment [34], which

might play an important role in the case of T. trichiura infections, as this parasite is known to

be more persistent to treatment than other helminths [35]. Thus, the substantial reduction of

EPG, as we have observed in the ivermectin-albendazole arm with a re-treatment over the 12

month period, is promising, even though the ivermectin-albendazole combination therapy did

not seem to be efficacious in terms of CR in the case of Pemba Island. Shorter treatment inter-

vals using the ivermectin-albendazole combination might be necessary to sustainably decrease

the worm burden in persistent high-transmission settings such as Pemba Island, even though

intervals of re-treatment between six months and 12 months are the most widely applied com-

promise between high impact and logistic feasibility [30]. If the aim is to interrupt STH trans-

mission, several rounds of MDA dispensing ivermectin-albendazole might be also effective to

reduce parasite populations to low levels and close to a breaking point, where recovery of the

parasites may be insufficient to return back to baseline infection levels and thus, elimination of

transmission could be reached [31].

Apparent reinfection rates with T. trichiura in Lao PDR at six and 12 months were consid-

erably lower compared to Pemba Island, regardless of the treatment received. Even though

open defecation practices might be a contributing factor to these high reinfection rates, it is

unlikely to drive the discrepancy in our two study settings as self-reported open defaecation

practices were high in both countries (S1 Fig). A likely explanation might be the high popula-

tion density on Pemba as well as that STH and particularly T. trichiura prevalence on Pemba

Island is considerably higher compared to Lao PDR, where we found a highly focal distribu-

tion of STH prevalence [36]. Consequently, the overall environmental contamination is pre-

sumably much higher on Pemba Island, leading to a higher risk of reinfection. Of note,

T. trichiura eggs can remain viable and infective for several months [37], putting individuals at

risk for reinfection from eggs persisting in the environment, without the need for the deposi-

tion of new infective stages [1,38].
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The current study has its strengths and limitations. A strength of our study is that we fol-

lowed up all participants individually, hence, could distinguish between apparent reinfections

and new infections, whereas previous studies reporting apparent reinfection rates mostly

focused on the prevalence before and after treatment, which does not allow to separate new

infections from apparent reinfections [39]. A second strength was the inclusion criterion of

�100 EPG for T. trichiura infections at baseline with at least two of the quadruple Kato-Katz

slides being positive for T. trichiura, hence excluding very light infections, which therefore

reduces the diagnostic error. Nonetheless, stool samples were examined by the Kato-Katz tech-

nique which is known to have low sensitivity for light STH infections [40,41]. For this reason,

the Kato-Katz method may lead to an underestimation of the true prevalence, which in turn

could result in an artificial inflation of CRs from undetected residual low-egg count infections

post-treatment. Indeed, a comparison of Kato-Katz and qPCR efficacy results 14–21 days post-

treatment on Pemba Island revealed significantly lower CRs for ivermectin-albendazole, when

two fecal samples before and after treatment were analysed by qPCR [42]. Since the majority

of participants had light infections at follow-up, our resulting apparent reinfection rates and

new infections should therefore be interpreted with caution. As an effort to overcome this lim-

itation, two fecal samples were collected from different days and two slides were prepared

from each sample. Another limitation of our study is that the six months prevalence assess-

ment in Lao PDR overlapped with the national MDA during which most SAC received an

additional mebendazole tablet from local health authorities. However, efficacy of mebendazole

against T. trichiura is known to be low [19,27,43,44], hence, we only expect a minor influence

on the prevalence assessment results in this country. Lastly, due to the fact that the short-term

efficacy of albendazole alone was low, the sample size for apparent reinfection measurements

was limited, hampering meaningful conclusions.

Conclusion

The results obtained from this study emphasize a strong performance of the ivermectin-alben-

dazole combination at reducing the infection intensity and, consequently, STH-attributable

morbidity, while albendazole alone revealed poor long-term outcomes. Our findings support

the use of ivermectin-albendazole, a treatment already included in the WHO Model List of

Essential Medicines for treating intestinal helminths. However, ivemectin will need to become

available at an affordable price to be able to include the drug in STH control programs. Careful

decisions on the trade-off between benefits (ivermectin-albendazole vs albendazole alone), and

costs (several MDA rounds a year), adapted to the epidemiological parasite profile in each set-

ting, have to be made when planning and implementing future control strategies [45–47].

Additionally, as the transmission of T. trichiura infections remains high despite effective

drugs, future control strategies need to be complemented by improving sanitation and perspic-

uous information, education and communication (IEC) strategies [1,5,48,49] in order to effec-

tively control and eliminate STH infections more sustainably.
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Abstract 

Background: Accurate, scalable and sensitive diagnostic tools are crucial in determining prevalence of soil-trans-

mitted helminths (STH), assessing infection intensities and monitoring treatment efficacy. However, assessments on 

treatment efficacy comparing traditional microscopic to newly emerging molecular approaches such as quantitative 

Polymerase Chain Reaction (qPCR) are scarce and hampered partly by lack of an established diagnostic gold standard.

Methods: We compared the performance of the copromicroscopic Kato-Katz method to qPCR in the framework of a 

randomized controlled trial on Pemba Island, Tanzania, evaluating treatment efficacy based on cure rates of albenda-

zole monotherapy versus ivermectin-albendazole against Trichuris trichiura and concomitant STH infections. Day-to-

day variability of both diagnostic methods was assessed to elucidate reproducibility of test results by analysing two 

stool samples before and two stool samples after treatment of 160 T. trichiura Kato-Katz positive participants, partially 

co-infected with Ascaris lumbricoides and hookworm, per treatment arm (n = 320). As negative controls, two faecal 

samples of 180 Kato-Katz helminth negative participants were analysed.

Results: Fair to moderate correlation between microscopic egg count and DNA copy number for the different STH 

species was observed at baseline and follow-up. Results indicated higher sensitivity of qPCR for all three STH species 

across all time points; however, we found lower test result reproducibility compared to Kato-Katz. When assessed with 

two samples from consecutive days by qPCR, cure rates were significantly lower for T. trichiura (23.2 vs 46.8%), A. lum-

bricoides (75.3 vs 100%) and hookworm (52.4 vs 78.3%) in the ivermectin-albendazole treatment arm, when compared 

to Kato-Katz.

Conclusions: qPCR diagnosis showed lower reproducibility of test results compared to Kato-Katz, hence multiple 

samples per participant should be analysed to achieve a reliable diagnosis of STH infection. Our study confirms that 
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Background
With an estimated 1.5 billion infections, the soil-trans-

mitted helminths (STHs), namely Ascaris lumbricoides, 

Trichuris trichiura and the hookworms Necator ameri-

canus and Ancylostoma duodenale, are of enormous pub-

lic health importance in subtropical and tropical regions, 

particularly amongst the most marginalized populations 

[1]. Diseases accompanying these infections can cause 

considerable burden manifested as malnutrition [2, 3], 

impairment in physical and cognitive development in 

children [4], reduction in work performance in adulthood 

[5] and adverse pregnancy outcomes [3, 6]. Preventive 

chemotherapy, the periodic large-scale administration 

of anthelminthic medicines to at-risk populations with-

out prior diagnosis is the cornerstone of helminth con-

trol recommended by the World Health Organization 

(WHO). It is considered simple and cost-effective in its 

implementation and to have a strong impact on morbid-

ity by decreasing the worm burden [7]. Accurate, scal-

able and sensitive diagnostic tools are crucial to assess 

and monitor treatment efficacy, prevalence and intensity 

of infection to guide future interventions, including the 

early detection of possible resistance development [8–

13]. Cost-effective, sensitive techniques are paramount 

especially in areas of low endemicity, where a robust 

surveillance system is needed to approach and monitor 

elimination [13].

The microscopic Kato-Katz technique is a relatively 

simple and low-cost method recommended by the WHO 

for the detection of STH and other helminth eggs in fae-

cal samples [14–16]. Consequently, it is widely used in 

randomised controlled trials (RCTs), epidemiological 

surveys and surveillance studies to determine the impact 

of STH interventions. Yet, the technique has considerable 

shortcomings. There is substantial variation in the read-

ings, resulting from uneven distribution of eggs within a 

single stool sample (within sample variation), day-to-day 

fluctuations of egg excretion (between sample variations) 

and ultimately results depend on the readers’ skills and 

experience [17–20]. Most importantly, the Kato-Katz 

method may particularly miss low-intensity infections 

leading to underestimation of the actual prevalence, but 

in the case of efficacy trials artificially inflate cure rates 

(CRs) from undetected residual low-egg count infections 

post-treatment [21]. Moreover, expertise in microscopy 

is increasingly rare [22, 23].

Over the past few decades, molecular diagnostic meth-

ods have been developed for the use in human parasitol-

ogy in order to increase sensitivity and specificity of the 

diagnosis of intestinal helminths. qPCR-based assays for 

the detection of helminth DNA or ribosomal RNA on 

faecal samples are the most widely used molecular meth-

ods [11, 23–25]. In recent years, further improvements 

of the DNA isolation step were made, and multiplex 

approaches have been developed to detect different para-

site targets in a single procedure [17, 26]. Higher specific-

ity and sensitivity of molecular diagnostics are generally 

observed in studies comparing the Kato-Katz thick smear 

stool examination to molecular methods (primarily 

qPCR), with rare exceptions [11, 20, 27–29]. The semi-

quantitative output of PCR also reflects the amount of 

parasite DNA present, which could be of further interest 

as parasite burden rather than absence or presence of a 

STH infection is a key determinant of morbidity [17, 30]. 

Moreover, nucleic acid amplification may improve the 

detection in infections with low parasitic burden and has 

the ability to differentiate between morphologically iden-

tical species [31].

Evaluations on drug efficacy using molecular 

approaches are scarce, even though monitoring drug 

efficacy is of utmost importance for making treatment 

recommendations for novel therapies and in the light 

of possible upcoming anthelminthic resistance [32, 33]. 

Given the higher sensitivity and specificity of qPCR, 

the few available studies showed that treatment efficacy 

based on CRs is lower using qPRC detection compared to 

the microscopic Kato-Katz method. It is worth highlight-

ing that STHs do not release eggs at a constant rate [34–

36] and therefore, we hypothesize multiple collection of 

faecal samples might increase the sensitivity of qPCR.

The aim of the present study was to compare the per-

formance of the microscopic Kato-Katz method and the 

molecular qPCR method for the diagnosis of soil-trans-

mitted helminthiasis and its impact on treatment efficacy 

and day-to-day variation analysing two stool samples 

before and after treatment respectively. Stool samples 

were collected within the framework of a phase III, par-

allel group, double blind RCT assessing the safety and 

efficacy of the current standard treatment (albendazole) 

versus combination therapy (ivermectin-albendazole).

cure rates are overestimated using Kato-Katz alone. Our findings emphasize that standardized and accurate molecular 

diagnostic tools are urgently needed for future monitoring within STH control and/or elimination programmes.

Keywords: Trichuris trichiura, qPCR, Kato-Katz, Drug efficacy, Molecular diagnosis, Ivermectin, Soil-transmitted 

helminths, Diagnostic performance, Albendazole
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Methods
Trial design

Trial details are summarized in the published trial pro-

tocol [37] and in the trial registration (clinicaltrials.gov, 

reference: NCT03527732, date assigned: 17 May 2018). 

Participants were invited for clinical examination and 

treatment if found positive for T. trichiura infection in 

at least two slides of quadruple Kato-Katz thick smears 

with an infection intensity of at least 100 eggs per gram 

(EPG) of stool. The samples analysed in this work were 

collected at baseline and 14–21 days post-treatment 

between September 2018 and December 2018 in one of 

the three study settings, on Pemba Island, United Repub-

lic of Tanzania.

Laboratory procedures

Two fresh morning stool samples were obtained from 

each participant within a maximum of 5 days using a 

door-to-door approach. Collected stool samples were 

kept in a cool box containing ice packs while being trans-

ported to the laboratory. Samples were examined with 

quadruplicate Kato-Katz microscopy within 24 h after 

collection for the detection of STH ova by experienced 

laboratory technicians following the WHO standard pro-

cedures [15]. An independent quality control of the Kato-

Katz readings for T. trichiura and A. lumbricoides was 

conducted for 10% of the slides.

Stool samples of participants fulfilling eligibility cri-

teria (minimal egg count for T.  trichiura ≥ 100 EPG, 

2 or more out of 4 Kato-Katz slides positive) and all 

identified STH egg negative participants (negative con-

trols without any co-infection) were further processed. 

In total, 160 randomly selected T. trichiura Kato-Katz 

positive participants with complete aliquot pairs per 

treatment arm (n = 320) and 180 identified Kato-Katz 

helminth negative participants with two baseline ali-

quots were analysed. An aliquot of stool (~ 1 g) was 

mixed with 80% ethanol and preserved at 4  °C and 

shipped at room temperature to the Swiss Tropical and 

Public Health Institute (Swiss TPH) in Basel, Switzer-

land for subsequent qPCR analyses.

DNA extraction was performed using the QIAamp 

DNA Mini kit (Qiagen; Hilden, Germany) with slight 

modifications from the standard protocol validated and 

described by Kaisar et  al. [17]. A multiplex real-time 

qPCR was used for simultaneous detection of A. lum-

bricoides, T. trichiura, N. americanus, A. duodenale and 

Strongyloides stercoralis. However, the latter parasite 

was not expected in these samples [38] but was placed 

together with the hookworm species in the same color 

channel, in case further specification would be of inter-

est in a second round. Amplification consisted of 2 min 

at 50 °C, 10 min at 95 °C followed by 45 cycles of 15 s at 

95 °C and 1 min at 58 °C. Testing was performed using 

CFX Maestro™ (Bio-Rad Laboratories, Inc, Hercules, 

CA, USA). qPCR plate planes were generated with a 

random distribution and balance; however, all samples 

of one participant were distributed within one plate 

to reduce between-plate variability and twelve worm-

negative controls were placed in between. Four nega-

tive controls containing double-distilled water were 

randomly placed on each plate to ensure detection of 

confounding factors. For subsequent standardization 

of each plate, nine positive controls with rising plasmid 

concentrations  (101,  103 and  105 plasmids/µl) contain-

ing an insert with the sequence of the STH qPCR prod-

uct were included in each amplification run. Standard 

curves were generated by plotting cycle threshold (Ct) 

values against the logarithm of starting DNA quantities.

The DNA amplification results of a serial 10-fold dilu-

tion series of the plasmids from each specimen were 

compared in separate reactions. Each dilution series 

was tested both with and without the other target 

DNAs to assess the assay’s ability to detect mixed infec-

tions. The details of all primers and detection probes 

(Eurofin Genomics, Ebersberg, Germany) and the con-

centrations of the qPCR using TaqMan GeneExpression 

MasterMix (ThermoFischer, Switzerland) are presented 

in the supplementary data (Additional file 1: Tables S1, 

Additional file 2: Table S2). Extraction of DNA, prepa-

ration of the master mix and handling of qPCR prod-

ucts were all performed in different rooms to prevent 

contamination.

Data preparation

All qPCR assays with an observed copy number above 

zero were considered positive. All qPCR assays for 

which no amplification curves were obtained, were con-

sidered negative (equalling zero copy numbers). Kato-

Katz results were calculated as mean egg counts of the 

two slides of each time point assessment (baseline day 

1, baseline day 2, follow-up day 1 and follow-up day 2) 

and samples considered positive if at least 0.5 eggs per 

sample were identified. Data of the amplification curves 

were cleaned and standardised according to the standard 

curves with CFX Maestro™ Software and then uploaded 

to ELIMU-MDx, an open-source platform for storage, 

management and analysis of diagnostic qPCR data [39]. 

Subsequent statistical analyses were conducted using 

Stata IC15 (StataCorp., College Station, TX).

The Ct value is defined as the number of qPCR cycles 

needed for the detection of fluorescence signal of the 

amplified products to pass the fixed threshold value. 

Accordingly, exceeding that threshold can be inter-

preted as the earliest qPCR cycle at which point a sam-

ple’s amplification product is statistically different from 
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the background fluorescence [40]. Consequently, higher 

quantities of helminth DNA are inversely proportional 

and thus, result in lower Ct values and vice versa [23]. 

Amplification curves not following a sigmoidal shape 

were considered as negative results interpreting these 

signals as unspecific background noise. Samples below Ct 

value of 15 were excluded for that species, as the range 

of standards tested and detected was above Ct 15. Data 

of the amplification curves were then translated into cop-

ies/µl DNA by inserting the average slopes and y-inter-

cepts for each quantified target of the standard curves 

into a linear equation. Thus, the cycle cut-off points vary 

for each quencher, depending on the calibration curves 

obtained. This procedure was done to avoid choosing 

an arbitrary Ct cutoff which is known to not be ideal, by 

either being too low (eliminating valid results) or being 

too high (increasing false-positive results) [40].

Statistical analysis

Based on available summarised efficacy measures from 

a recent review [41] and the published literature, the 

CR of albendazole against T.  trichiura was assumed to 

be 30% compared to 50% in the ivermectin-albendazole 

treatment regimen according to Kato-Katz. Moreover, 

the correlation between the two diagnostic test results 

was assumed to be 0.6. A sample size of 320 Kato-Katz 

T. trichiura positives (160/treatment arm) was cho-

sen to detect a 10% difference in CRs against T. trichi-

ura between Kato Katz and qPCR with a power of 80%

assuming a two-sided type 1 error of 5%. An additional

subsample of 320 Kato-Katz negatives (1:1 ratio to the

positives) was aimed for to determine the sensitivity of

qPCR versus Kato-Katz. Since STH infections are stag-

geringly prevalent on Pemba Island, we only found 180

helminth negative individuals within the screening phase.

Correlation between microscopic egg count and DNA copy 

number

Correlation between copy numbers/µl DNA according to 

qPCR and egg count numbers derived by the Kato-Katz 

thick smear method were assessed as a base for sensitiv-

ity and specificity estimates. Spearman’s rank correla-

tion coefficients rS were calculated for each species and 

each time point among the samples, which were positive 

according to both diagnostic methods to assess potential 

correlation. The degree of agreement was categorised as 

“poor” (rS < 0.2), “fair” (0.2 ≤ rS < 0.4), moderate (0.4 ≤ rS < 

0.6) good (0.6 ≤ rS < 0.8) and very good (rS ≥ 0.8) agree-

ment [42].

Diagnostic method variability between samples

To assess the agreement of test results between base-

line day 1 and day 2 and follow-up day 1 and day 2, 

for qPCR and Kato-Katz, Spearman’s rank correlation 

of copy numbers and egg counts, respectively, was per-

formed among all samples, which were found positive 

according to both techniques. An alternative assess-

ment was based on Cohen’s Kappa, comparing positiv-

ity of qPCR and Kato-Katz between baseline day 1 and 

day 2 and between follow-up day 1 and 2, including 

negative and positive test results. The κ-statistics cat-

egorised in the same way as the rank correlation coef-

ficients rS.

Overall sensitivity of Kato‑Katz and qPCR

The sensitivity was determined assuming a 100% sen-

sitivity and specificity of each diagnostic method, 

as disclosed by the morphology of the eggs or by the 

species-specific qPCR assays. Sensitivities of qPCR 

relative to Kato-Katz and vice versa were calculated 

for baseline and follow-up separately and for both time 

points combined. A qPCR test at baseline or follow-up 

was considered positive if at least one of the two sam-

ples taken on the respective consecutive days provided 

a positive result. The 95% confidence intervals for sen-

sitivities across both time points were computed using 

a logistic regression model with robust standard errors 

adjusting for longitudinal correlations of test results 

within individuals.

Cure rates according to Kato‑Katz and qPCR

CRs were calculated as the proportion of participants 

negative for infection (EPG or transformed DNA copy 

equalling zero) in both follow-up stool samples among 

those who were positive at baseline in any sample. 

Moreover, CRs assessed by qPCR were also calculated 

considering only the first follow-up sample to assess 

if test result reliability affects CRs. Logistic regres-

sion models were used to compare CRs between dif-

ferent treatment arms. Comparisons of CRs between 

the qPCR and the Kato-Katz method also required the 

use of robust standard errors adjusting for correlations 

of outcomes within subjects. Statistical significance of 

observed differences or associations was defined as a 

two-sided P-value smaller than 0.05.

Results
Two stool samples of 320 T. trichiura positive partici-

pants, partially co-infected with A. lumbricoides and 

hookworm at baseline and two stool samples 14–21 

days post-treatment were processed by both, Kato-

Katz and qPCR method. As negative controls, two fae-

cal samples of 180 individuals negative for STH eggs as 

assessed by Kato-Katz were analysed (Fig. 1).
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Overall positivity agreement according to Kato‑Katz 

and qPCR for all four examination time points pooled

In total, 1020 samples were positive for T. trichiura 

according to Kato-Katz and 1134 were positive for T. 

trichiura according to qPCR. There were 394 samples 

with discordant results, 254 where only the qPCR-result 

was positive and 140 where only the Kato-Katz result 

was positive. Results for A. lumbricoides and hookworm 

showed even more pronounced differences, with most 

discordant tests being positive for qPCR and negative for 

Kato-Katz (Table 1).

Correlation between microscopic egg count and DNA copy 

number

For T. trichiura, correlation of positive parasite loads 

assessed by the two diagnostic methods was moderate 

(rS = 0.47, 0.45, 0.47, 0.51) for all four time points (base-

line day 1, baseline day 2, follow-up day 1, follow-up 

day 2). For A. lumbricoides, correlation was moderate 

(rS = 0.55) for the first and fair (rS = 0.36) for the second 

baseline examination time point. It was not possible to 

apply the Spearman’s rank correlation test for the follow-

up examination time points, due to only a few Kato-Katz 

positive samples. For hookworm, correlation was moder-

ate (rS = 0.48, 0.47) for both baseline examination time 

points and the first follow-up examination time point 

(rS = 0.49), whereas the second follow-up time point 

showed fair agreement (rS = 0.26) (Table 2). Both correla-

tions had P-values > 0.2 and them being chance results 

can therefore not be ruled out.

Diagnostic method variability between samples

To assess the variability within one diagnostic method, 

the agreements between baseline day 1 and day 2 as well 

as between follow-up day 1 and day 2 were calculated 

using Spearman’s rank correlation, including all positive 

test results according to both techniques. qPCR showed 

moderate agreement for T. trichiura (rS = 0.51) and good 

agreement for A. lumbricoides (rS = 0.62) and hookworm 

(rS = 0.64) at baseline. At follow-up, moderate agreement 

for T. trichiura (rS = 0. 45) and hookworm (rS = 0.49) 

and good agreement for A. lumbricoides (rS = 0.71) was 

found. Kato-Katz results showed moderate agreement for 

T. trichiura (rS = 0.49) and good agreement for A. lumbri-

coides (rS = 0.65) and hookworm (rS = 0.70) between the 

two baseline samples. Moderate agreement between the 

follow-up samples was shown for T. trichiura (rS = 0.60) 

and poor agreement for hookworm (rS = − 0.55) was 

observed. Agreement could not be assessed for A. lum-

bricoides at follow-up as no samples were positive by 

both methods (Table 3).

Additionally, Cohen’s Kappa was used to assess 

reproducibility including positive and negative test 

results between baseline day 1 and day 2 and between 

follow-up day 1 and day 2. qPCR test results between 

baseline and between follow-up samples showed mod-

erate agreement for T. trichiura (κ = 0.57, 0.42) and 

hookworm (κ = 0.58, 0.52). For A. lumbricoides, qPCR 

showed good agreement between baseline (κ = 0.63), 

but only poor agreement (κ = 0.1) between follow-up 

samples. Kato-Katz showed very good agreement for 

T. trichiura (κ = 0.92) and A. lumbricoides (κ = 0.93) 

and good agreement for hookworm (κ = 0.72) between 

baseline samples. The agreement between follow-up 

samples was moderate for T. trichiura (κ = 0.56) and 

hookworm (κ = 0.56). However, there was poor agree-

ment (κ = − 0.004) for A. lumbricoides, possibly because 

only a few positive samples were found by the Kato-Katz 

technique (Table 4).

Overall, qPCR results showed greater variability 

between both baseline and follow-up samples compared 

to Kato-Katz, especially when looking only at the posi-

tivity and negativity of samples and using Cohen’s kappa 

coefficient.

Overall sensitivity of Kato‑Katz and qPCR

Across all comparisons between the two methods, the 

sensitivity of qPCR in detecting positive samples accord-

ing to Kato-Katz was higher than the respective sensitiv-

ity of Kato-Katz in detecting positive samples according 

to qPCR (Table 5). When pooling baseline and follow-up 

results, the pooled sensitivity of qPCR relative to Kato-

Katz was 93.7% for T. trichiura, 84.4% for A. lumbri-

coides and 88.4% for hookworm, while the sensitivity of 

Kato-Katz relative to qPCR was 79.5%, 30.4% and 35.9% 

for T. trichiura, A. lumbricoides and hookworm, respec-

tively. Interestingly, the sensitivity of Kato-Katz relative 

to qPCR significantly dropped from 38.5% (31.6–45.8) at 

baseline to 3.4% (0.4–11.9) at follow-up in the case of A. 

lumbricoides.

Cure rates according to Kato‑Katz and qPCR

Cure rates for T. trichiura were significantly lower with 

albendazole monotherapy than with combination ther-

apy (ivermectin-albendazole) with both diagnostic meth-

ods, while CRs were comparable for A. lumbricoides and 

hookworm. CRs of the combination therapy according 

to Kato-Katz were slightly higher (46.8 vs 36.4%, 100 vs 

85.7%, 78.3 vs 71.4%) for T. trichiura, A. lumbricoides 

and hookworm, respectively, when only the first qPCR 

stool sample was considered. However, CRs according to 
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Kato-Katz were significantly higher than CRs based on 

qPCR (46.8 vs 23.2%, 100 vs 75.3%, 78.3 vs 52.4%) for T. 

trichiura, A. lumbricoides and hookworm, respectively, 

when considering an additional second qPCR stool sam-

ple for the combination therapy. This was also the case 

for A. lumbricoides (95.0 vs 77.5%) with albendazole, 

while the CRs were comparable for T. trichiura (6.3 vs 

5.3%) and hookworm (73.3 vs 66.7%).

Odds ratios (ORs) were calculated for the combination 

therapy (ivermectin-albendazole) compared to alben-

dazole. The odds of being cured was significantly higher 

under combination therapy as compared to monotherapy 

in T.  trichiura positives irrespective of the diagnostic 

approach and the amount of qPCR follow-up stool sam-

ples. CRs and ORs according to Kato-Katz and qPCR are 

listed in Table 6.

Fig. 1 Study design. Abbreviations: T. trichiura, Trichuris trichiura; ALB, albendazole; IVM-ALB, ivermectin-albendazole; qPCR, quantitative polymerase 

chain reaction
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Discussion
We evaluated the diagnostic performance of qPCR com-

pared to standard Kato-Katz microscopy for the diagno-

sis of STHs and the resulting treatment efficacies by both 

methods. This study was done within the framework of 

a phase III, parallel group, double blind RCT assessing 

the efficacy and safety of the current standard treatment 

(albendazole) versus a combination therapy of ivermec-

tin-albendazole. This was the first study analysing two 

stool samples before and two stool samples after treat-

ment of each participant to assess diagnostic method 

variability between samples to elucidate reproducibility 

of test results of both diagnostic methods. Moreover, 

we present data on the efficacy of the most promising 

therapy to date for treating STH infections, ivermectin-

albendazole, based on molecular diagnosis.

An interesting finding from the comparison of these 

two diagnostic methods is that an additional 41.2% of 

microscopy-negative samples were found T. trichiura-

positive when assessed by qPCR. We hypothesise that 

lower DNA loads found in Kato-Katz-negative samples 

reflect higher detection rates by qPCR due to a higher 

sensitivity rather than lower specificity of the qPCR 

assays as remaining DNA of already dead worms or eggs 

can still act as a template DNA during qPCR [43].

We found that qPCR results indicate higher sensitivity 

for all species across all examination days compared to 

Kato-Katz, which substantiates previous findings [17, 27, 

30, 34, 44–46]. Interestingly, follow-up Kato-Katz results 

differ significantly compared to the baseline results in the 

case of A. lumbricoides, indicating a time-dependent dif-

ference. The very low number of Kato-Katz positive test 

results post-treatment show the difficulty of detecting 

low A. lumbricoides worm burden by use of Kato-Katz, 

while qPCR was able to detect a considerable number of 

treatment failures.

Of note, the eligibility criteria (minimal T. trichiura egg 

count ≥ 100 EPG, 2 or more out of 4 Kato-Katz slides 

positive) for trial inclusion did not consider low T. trichi-

ura infection intensities. Interestingly we observed that 

qPCR positivity of Kato-Katz-negative samples (EPG = 0) 

at baseline was lower compared to follow-up, implying 

higher sensitivity for qPCR when assessing low infection 

intensities. However, interpretation requires caution, as it 

is unclear how long residual DNA persists after parasite 

clearance leading to false-positive qPCR results [18, 47].

Our results highlight, that the combination therapy 

(ivermectin-albendazole) shows a significantly better effi-

cacy compared to the monotherapy for T. trichiura with 

both diagnostic methods, while CRs were comparable for 

A. lumbricoides and hookworm. However, the observed 

low to moderate CRs for ivermectin-albendazole with 

qPCR (23.2% for T. trichiura, 75.3% for A. lumbricoides 

and 52.4% for hookworm) are far from benchmark target 

product profiles for anthelminthic drug candidates and 

combinations and highlight the need to develop novel 

efficacious treatments. A particularly striking difference 

in CRs of the combination chemotherapy (and for A. 

lumbricoides after albendazole treatment) between Kato-

Katz and qPCR was observed when two qPCR samples 

Table 1 Positivity agreement according to Kato-Katz and qPCR 

for all four-examination time points pooled (n = 1636) for T. 

trichiura, A. lumbricoides and hookworm

Abbreviations: T. trichiura, Trichuris trichiura; A. lumbricoides, Ascaris lumbricoides

No. of qPCR 
negatives 
(%)

No. of qPCR 
positives 
(%)

Total (%)

T. trichiura Kato-Katz 
negative

362 (58.8) 254 (41.2) 616 (100)

Kato-Katz 
positive

140 (13.7) 880 (86.3) 1020 (100)

Total 502 (30.7) 1134 (69.3)

A. lumbricoides Kato-Katz 
negative

1236 (84.1) 233 (15.9) 1469 (100)

Kato-Katz 
positive

28 (16.8) 139 (83.2) 167 (100)

Total 1264 (77.3) 372 (22.7)

Hookworm Kato-Katz 
negative

1369 (89.5) 160 (10.5) 1529 (100)

Kato-Katz 
positive

18 (16.8) 89 (83.2) 107 (100)

Total 1387 (84.8) 249 (15.2)

Table 2 Spearman’s rank correlations between EPG and DNA 

copy numbers for each time point among positive tests for each 

STH species

a Positive according to both diagnostic methods

b –, Sample size is not sufficient for Spearman’s rank correlation analysis

Abbreviations: ρ, Spearman’s rank correlation coefficient; T. trichiura, Trichuris 

trichiura; A. lumbricoides, Ascaris lumbricoides

No. of positive 
test  resultsa

ρ P-value

T. trichiura Baseline day 1 272 0.47 < 0.001

Baseline day 2 267 0.45 < 0.001

Follow-up day 1 175 0.47 < 0.001

Follow-up day 2 166 0.51 < 0.001

A. lumbricoides Baseline day 1 68 0.55 < 0.001

Baseline day 2 69 0.36 < 0.001

Follow-up day 1 2 b– b–

Follow-up day 2 0 b– b–

Hookworm Baseline day 1 35 0.48 < 0.001

Baseline day 2 34 0.47 < 0.001

Follow-up day 1 7 0.49 0. 2682

Follow-up day 2 13 0.26 0.3833
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Table 3 Spearman’s rank correlations of copy numbers (qPCR) resp. egg counts (Kato-Katz) between baseline day 1 and day 2 and 

between follow-up day 1 and day 2 for qPCR and Kato-Katz (restricted to positive test results)

Abbreviations: ρ, Spearmanʼs rank correlation coefficient; T. trichiura, Trichuris trichiura; A. lumbricoides, Ascaris lumbricoides

Baseline (day 1 vs day 2) Follow-up (day 1 vs day 2)

No. of positive test 
results

ρ P-value No. of positive test 
results

ρ P-value

qPCR

 T. trichiura 293 0.51 < 0.001 190 0.45 < 0.001

 A. lumbricoides 114 0.62 < 0.001 6 0.71 0.1108

 Hookworm 57 0.64 < 0.001 22 0.49 0.0214

Kato-Katz

 T. trichiura 302 0.49 < 0.001 166 0.6 < 0.001

 A. lumbricoides 77 0.65 < 0.001 0 – –

 Hookworm 32 0.7 < 0.001 6 − 0.55 0.2574

Table 4 Cohens Kappa for positivity of qPCR resp. Kato-Katz between baseline day 1 and day 2 and between follow-up day 1 and day 

2

a Percentage of agreement expected based on chance alone (i.e. if the two results compared were completely uncorrelated)

Abbreviations: κ, Cohen’s kappa coefficient; T. trichiura, Trichuris trichiura; A. lumbricoides, Ascaris lumbricoides

Baseline (day 1 vs day 2) Follow-up (day 1 vs day 2)

Observed 
agreement (%)

Expected 
 agreementa (%)

κ P-value Observed 
agreement (%)

Expected 
agreement (%)

κ P-value

qPCR

 T. trichiura 81.4 56.4 0.57 < 0.001 76.4 59.3 0.42 < 0.001

 A. lumbricoides 84.4 57.5 0.63 < 0.001 83.5 81.8 0.1 0.043

 Hookworm 88.2 71.8 0. 58 < 0.001 89.9 78.9 0.52 < 0.001

Kato-Katz

 T. trichiura 96.4 53 0.92 < 0.001 79.4 53.2 0.57 < 0.001

 A. lumbricoides 98 72.6 0.93 < 0.001 99.1 99.1 0 0.5319

 Hookworm 95.6 84.3 0.72 < 0.001 97.2 93.6 0.56 < 0.001

Table 5 Mutual sensitivities calculated for combined Kato-Katz and combined qPCR for T. trichiura, A. lumbricoides and hookworm at 

baseline and 14–21 days follow-up

*P-values were calculated for the difference in the respective sensitivity measure between the baseline and follow-up examination time point using logistic regression 

models with robust standard errors adjusting for longitudinal correlations of test results within individuals

Note: The number of observations (n) is determined by samples found positive by the method considered as reference. The reference method was assumed to be the 

gold standard, i.e. with a 100% sensitivity and specificity, when assessing sensitivities of the other method

Abbreviations: Ref, reference; T. trichiura, Trichuris trichiura; A. lumbricoides, Ascaris lumbricoides

Sensitivity (%) (95% CI) Sensitivity (%) (95% CI) P-value* Pooled analysis (%) (95% CI)

n Baseline n Follow-up n Baseline + Follow-up

T. trichiura

 Kato-Katz vs PCR (= Ref ) 386 78.2 (73.8–82.2) 264 81.4 (76.2–85.9) 0.35 650 79.7 (76.4–82.6)

 PCR vs Kato-Katz (= Ref ) 320 94.4 (91.3–96.6) 232 92.7 (88.5–95.7) 0.42 552 93.7 (91.3–95.4)

A. lumbricoides

 Kato-Katz vs PCR (=Ref ) 192 38.5 (31.6–45.8) 58 3.4 (0.4–11.9) < 0.001 250 30.4 (25.0–36.4)

 PCR vs Kato-Katz (=Ref ) 87 85.1 (75.8–91.8) 3 66.7 (9.4–99.2) 0.41 90 84.4 (75.4–90.6)

Hookworm

 Kato-Katz vs PCR (=Ref ) 116 39.7 (30.7–49.2) 54 27.8 (16.5–41.6) 0.13 170 35.9 (29.0–43.4)

 PCR vs Kato-Katz (=Ref ) 54 85.2 (72.9–93.4) 15 100 (78.2–100) 0.19 69 88.4 (78.5–94.1)
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were considered post-treatment. These results also stress 

to analyse two qPCR samples post-treatment in clinical 

trials to elucidate the true efficacy of treatments.

Although hypothesised, we only observed a fair to 

moderate agreement between microscopic egg count 

and DNA copy, which is in agreement with findings 

from Barda et al. [33]. Our results do not corroborate the 

observation of Mejia et al. [18], who found a significant 

good correlation (r = 0.7) between egg counts measured 

by the coprological Kato-Katz method and the DNA 

quantified by qPCR for A. lumbricoides and T. trichiura. 

The reason for this discrepancy is not entirely clear, but 

one partial explanation could be that only a few A. lum-

bricoides- or hookworm-positive samples were found 

post-treatment according to Kato-Katz in our study and 

that infection intensities were relatively low in these par-

ticipants. As there is no strong correlation between egg 

counts and DNA copy number, finding a real gold stand-

ard for practical use remains a profound challenge, ham-

pering the comparison of STH diagnostic tools.

As egg excretion is highly variable over time, there is 

considerable variation in EPG of faecal samples collected 

on consecutive days [34–36]. It is well known that Kato-

Katz shows improved sensitivity when performed on sev-

eral samples on different days [48, 49]. We observed that 

Kato-Katz showed very good agreement for T. trichiura 

and A. lumbricoides and good agreement for hookworm 

at baseline between day 1 and day 2, whereas qPCR only 

showed good agreement between day 1 and day 2 for A. 

lumbricoides, but not for T. trichiura and hookworm, 

indicating lower test result reproducibility of the qPCR 

method. This apparent high correlation of Kato-Katz 

test results might be explained by the laboratory techni-

cian’s skills, as the same well-trained microscopists were 

reading the stool samples every day, in addition to rather 

high T. trichiura parasite load (EPG ≥ 100 as inclusion 

criterion). The reason for the surprisingly low qPCR test 

reproducibility is not entirely clear; however, Pilotte et al. 

[50] found that common qPCR assays make use of sub-

optimal target sequences limiting detection and species-

specificity. Another explanation could be that, in contrast

Table 6 Comparison of efficacy in terms of Cure Rates (CRs) and Odds Ratio (OR) for being cured between treatment arms 

(albendazole vs ivermectin-albendazole), by diagnostic approach (Kato-Katz on samples of day 1 and 2 vs qPCR on first day sample 

only and qPCR on samples of day 1 and 2)

a P-values of the odds ratio (OR) for being cured between albendazole monotherapy (ALB) and ivermectin-albendazole (IVM-ALB) derived from logistic regression 

models

Note: CRs in bold highlight significant differences (P < 0.05) between CRs assessed by Kato-Katz and two qPCR samples in the respective treatment arm (i.e. ALB or 

IVM-ALB)

Abbreviations: BL, baseline; NA, not applicable; T. trichiura, Trichuris trichiura; A. lumbricoides, Ascaris lumbricoides

Kato-Katz qPCR
1st Follow-up sample

qPCR
1st and 2nd Follow-up samples

ALB IVM-ALB P-valuea ALB IVM-ALB P-valuea ALB IVM-ALB P-valuea

T. trichiura

 No. cured/No. 
positive BL

10/160 75/160 8/150 55/151 8/150 35/151

 Cure rates, % 
(95% CI)

6.3 (3.0–11.2) 46.8 (39.7–
55.9)

13.3 (8.3–19.8) 36.4 (28.8–44.6) 5.3 (2.3–10.2) 23.2 (16.7–
30.7)

 ORcure (95% 
CI)

1 13.7 (6.7–28.0) < 0.001 1 3.7 (2.1–6.6) < 0.001 1 5.4 (2.4–12.0) < 0.001

A. lumbricoides

 No. cured/No. 
positive BL

38/40 47/47 64/71 66/77 55/71 58/77

 Cure rates, % 
(95% CI)

95 (83.1–99.4) 100 (92.5–
100)

90.1 (80.7–95.9) 85.7 (75.9–92.6) 77.5 (66.0–
86.5)

75.3 (64.2–
84.4)

 ORcure (95% 
CI)

1 NA (0.62, –>) 0.21 1 0.6 (0.2–1.8) 0.41 1 0.6 (0.2–1.3) 0.76

Hookworm

 No. cured/No. 
positive BL

22/30 18/23 32/42 30/42 28/42 22/42

 Cure rates, % 
(95% CI)

73.3 (54.1–87.7) 78.3 (56.3–
92.5)

76.2 (60.5–87.9) 71.4 (55.4–84.3) 66.7 (50.5–80.4) 52.4 (36.4–
68.0)

 ORcure (95% 
CI)

1 1.3 (0.4–4.7) 0.68 1 0.8 (0.3–2.0) 0.62 1 0.9 (0.4–1.9) 0.184
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to bacteria and viruses, isolation of parasite DNA out of 

faecal samples is a challenging process as the wall of hel-

minth eggs is difficult to lyse and thus several additional 

steps are needed to achieve release of nucleic acids [12, 

51, 52]. Moreover, we based our analyses on DNA cop-

ies/µl as qPCR parameter for infection intensity, while 

consensus has not been reached on the optimal qPCR 

parameter with regard to reliability and reproducibility 

assessment.

We are aware that a number of limitations might have 

influenced the results obtained. The sample input vol-

umes of the Kato-Katz assays are considerably larger 

than those of the qPCR assays, which might substantially 

increase sensitivity for Kato-Katz given the stochastic 

distribution of eggs in stool samples. On the other hand, 

increasing the stool volume for DNA extraction would 

not be possible, as faecal specimens contain various sub-

stances acting in a qPCR inhibitory manner [53]. Another 

limitation is that, in contrast to Kato-Katz, qPCR samples 

were not analysed in duplicates. Further research needs 

to be performed to elucidate if and for how long residual 

DNA may persist after parasite clearance as this might 

lead to false-positive qPCR results post-treatment [18, 

29, 47]. Furthermore, we fully agree with Levecke et  al. 

[54], that an agreement on an absolute universal unit for 

qPCR is needed to establish best comparison parameters 

for these two diagnostic methods. Lastly, it is impor-

tant to note, that the standardisation and adherence 

to one approved protocol would help to achieve more 

readily comparable results between different research 

laboratories.

Conclusions
The sensitive and scalable nature of qPCR makes its 

usage in large-scale diagnosis of intestinal helminths 

appealing over the rather operator-dependent micro-

scopic method. DNA samples can be stored for further 

use, such as genetic characterisation and molecular typ-

ing, which might be of interest in surveillance studies to 

detect sporadic and focal infections or to monitor disease 

recrudescence. The evidence from this study implies sta-

tistically lower CRs (the primary outcome of this trial) 

for the combination therapy (ivermectin-albendazole) for 

all three species when assessed with two qPCR samples 

compared to Kato-Katz. Thus, it underlines the impor-

tance of the need for standardised and accurate molec-

ular diagnostic tools, which are applicable in peripheral 

field settings, for future monitoring within STH control 

and/or elimination programmes and for developing novel 

efficacious treatments. This study has revealed for the 

first time, that qPCR test results show greater between 

day variability for baseline as well as post-treatment 

samples compared to Kato-Katz calling for a multi-sam-

ple analysis approach in order to improve qPCR-based 

diagnosis. This is of particular importance for studies 

aiming at assessing accurate disease prevalence as well 

as treatment efficacy. However, it needs to be carefully 

evaluated if the obtained higher sensitivity comes at the 

cost of the lower test reproducibility and how important 

this finding is in the context of preventive chemotherapy 

and the surveillance of low prevalence settings. Daily 

stool sample analyses to monitor dynamics of DNA copy 

numbers over a longer period post-treatment using the 

qPCR method might be one way forward to answer this 

question.
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Additional file 1: Table S1. Primers and probes used to identify the different helminth 

species. 

Soil Transmitted 

Helminths (STH) 

Species, target gene, 

product size 

Primer 

name 

Dye and 

Quencher 
Sequence 5ʼ-3ʼ

Ascaris lumbricoides

qPCR 
Asca_F GTAATAGCAGTCGGCGGTTTCTT 

 Target: ITS, Size: 88bp Asca_R GCCCAACATGCCACCTATTC 

Asca_P CY5-BHQ2 TTGGCGGACAATTGCATGCGAT 

Trichuris trichiura qPCR Trich_F TTGAAACGACTTGCTCATCAACTT 

 Target: 18S, Size: 76   bp Trich_R CTGATTCTCCGTTAACCGTTGTC 

Trich_P FAM-BHQ1 CGATGGTACGCTACGTGCTTACCATGG 

Ancylostoma duodenale 

qPCR 
Ancyl_F GAATGACAGCAAACTCGTTGTTG 

 Target: ITS, Size: 71 bp Ancyl_R ATACTAGCCACTGCCGAAACGT 

Ancyl_P 

MGB 
HEX-MGB-EQ ATCGTTTACCGACTTTAG 

Necator americanus 

qPCR 
Neca_F TGTTTGTCGAACGGTACTTGYTCT 

 Target: ITS, Size: 100 bp Neca_R1 GTGAATAACAGCGTGCACATGTTG 

Neca_R2 CTGACAATGACAGTTTGCATATGTTG 

Neca_P 

MGB 
HEX-MGB-EQ ATTCCCGTTTAAGTGAAGA 

Strongyloides 

stercoralis qPCR 

(generic) 

S28S_F 
GCGAACAAGTACTGTGAAGGAAAATTG 

Target: 28S, Size: 

92 bp 

S28S_R TGGCTCTGTATGCTTCCATCGT 

S28S_p HEX-BHQ1 CCGGAGAGAGAGTTAAAGAGGACGT 
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Additional file 2: Table S2. GeneExpression MasterMix. 

Concentration 
Per reaction of 25 

µl (µl) 

ddH2O 3.901 

GeneEx Master Mix 2x 12.5 

Asca_F 50µM 0.1 

Asca_R 50µM 0.1 

Trich_F 50µM 0.2 

Trich_R 50µM 0.2 

Ancyl_F 50µM 0.2 

Ancyl_R 50µM 0.2 

Nec_F 50µM 0.133 

Nec_R1 50µM 0.133 

Nec_R2 50µM 0.133 

Ss_F 50µM 0.2 

Ss_R 50µM 0.2 

Probe Asc_P (FAM) 10µM 0.2 

ProbeTri_P (Cy5) 10µM 0.4 

Probe Ancyl_P (HEX) 10µM 0.4 

Probe Nec_P (HEX) 10µM 0.4 

Probe SsI_P (HEX) 10µM 0.4 

Subtotal 20 

DNA 5 µl 
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A R T I C L E I N F O

Article History:

Received 2 November 2020

Revised 6 January 2021

Accepted 7 January 2021

Available online xxx

A B S T R A C T

Background: Infections with soil-transmitted helminths (STHs) may result in chronic inflammatory disorders

affecting the human host. The objective of this study was to evaluate Fecal Calprotectin (FC) and Fecal Occult

Blood (FOB) in individuals infected and non-infected with STHs to identify potential intestinal morbidity markers.

Methods: Stool from participants diagnosed positive for Trichuris trichiura and concomitant STH infections

from three countries was used to perform FC and FOB point-of-care assays. Simultaneously, identified STH

negative participants underwent FC and FOB testing as controls. Potential associations between test results

and determinants were analyzed using multivariable logistic regression.

Findings: In total, 1034 T. trichiura infected cases (mostly light infections) and 157 STH negative controls were

tested for FC and FOB. Among all participants tested, 18¢5% had � 50 mg/g FC concentration, while 14 (1¢2%)

were positive for FOB. No statistically significant association was found between T. trichiura infection or Asca-

ris lumbricoides co-infection and FC concentration, while an inverse association (odds ratio (OR): 0¢45, 95%

credible intervals (CrI): 0¢26, 0¢75) was found between hookworm co-infection and FC concentration. In Lao

PDR, the proportion of participants in the � 50 mg/g FC category was significantly higher in the oldest age

category compared to the 5�11 years group (OR: 3¢31, 95% CrI: 1¢62, 7¢24). Too few participants were found

positive for FOB to derive any conclusions.

Interpretation: Studies are needed to better understand the relationship between intestinal morbidity and

STH infections. Suitable, standardized, low-cost markers of STH attributable morbidity to better monitor the

impact of STH control interventions are necessary.
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© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

More than 1¢5 billion people worldwide are infected with soil-trans-

mitted helminths (STHs), namely Ascaris lumbricoides, hookworm

(Ancylostoma duodenale and Necator americanus), and Trichuris trichiura

[1]. Helminthiases typically affect the poorest and the most marginal-

ized populations, particularly in tropical and subtropical regions, where

access to water, sanitation, and hygiene is inadequate [2,3]. STH infec-

tions manifest, if left untreated, as generally asymptomatic chronic

infections causing both concurrent and delayed-onset pathologies

affecting the human host [4]. Chronic infections and/or infections of

heavy intensities can result in malnutrition, malabsorption, reduced

growth rate, intestinal obstruction, poor iron status, and iron deficiency
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anemia [4�9], particularly in those on marginal diets [10]. Long-term

consequences include subtle effects on cognition [11], educational per-

formance [12], and school absenteeism [13], impacting individuals’

workforce potential, and economic progress among affected groups [14].

Embryonated T. trichiura eggs hatch in the small intestine and

potentially attach to the mucosa in the large intestine, whereas larvae

penetrate the epithelial cells for subsequent growing and molting

into adult stages [15]. Adult worms embed their head part into a

intracellular niche in the large intestine [16] causing petechial

lesions, blotchy mucosal hemorrhage, and oozing leading to both

mucosal and systemic immune responses [17�19]. Similarly, hook-

worm larvae use their cutting plates to attach to the mucosa to begin

feeding and molting into adult worms, attributing to intestinal mor-

bidity [20]. In contrast, A. lumbricoides feeds passively and never

attaches directly to the mucosa [4,21].

The present goal of global control programs recommended by the

World Health Organization (WHO), is to reduce morbidity with pre-

ventive chemotherapy (i.e. administration of albendazole or meben-

dazole without prior diagnosis) to at-risk populations (i.e. school-

aged children and women of reproductive age) with accompanying

improvements in access to clean water and sanitation to reduce

worm burden associated morbidity [22]. Inherent with such control

interventions is the necessity to define and validate indicators of hel-

minth attributable morbidity. Even though in most cases morbidity is

associated with infecton intensity [23], assessed by classic micro-

scopic diagnosis detecting eggs in the feces, appropriate morbidity

parameters are of pivotal importance as they provide additional

information on the degree to which the STH infection affects the

patient. This is particularly important after anthelmintic treatment,

when intensity of infection has reduced markedly, but morbidity still

is present [24]. A better clinical understanding of measurable reduc-

tions in STH attributable morbidity in response to anthelmintics is

needed to appropriately shape and evaluate ongoing or future STH

control programs [25].

Fecal biomarkers are promising non-invasive indicators possibly

reflecting mucosal inflammation or damage, as molecules from the

intestinal mucosa are transported in passing with the feces [26]. It is

a well-known phenomenon that the occurrence of blood in feces can

be indicative of pathologic changes, especially in the context of

malignancies or inflammation [27].

Fecal Calprotectin (FC), a neutrophil cytoplasmic multimeric com-

plex of the calcium-binding proteins, is abundant in neutrophil granulo-

cytes, monocytes, and early stage macrophages [28,29]. Translocation of

these cells into the intestinal mucosa and degranulation inside the intes-

tinal lumen leads to increased secretion of FC as a response to local

inflammation [30,31]. Given the fact that FC levels are stable in feces

and not influenced by systemic infections, FC is an interesting biomarker

for understanding the association between intestinal infection and

inflammation by measuring the localized intestinal inflammation

[19,32�34]. Therefore, FC is widely used across gastroenterology practi-

ces as a non-invasive surrogate marker for disease activity and response

to treatment [35,36]. In the past years, its use in enteric infections is

increasing, particularly as a correlative marker for clinical severity and

in evaluating bacterial and viral pathogens [37].

Fecal blood is a late symptom of inflammatory tissue damage [30].

For example, blood loss due to T. trichiura infections has been estimated

to be 5 mL per adult worm per day [38]. Thus, fecal occult blood (FOB)

might be another candidate for a morbidity marker of helminthiasis.

FOB tests have been previously used for identifying blood loss in hook-

worm infection, trichuriasis, and intestinal schistosomiasis [39�42].

However, most studies used guaiac-based FOB tests that are known to

be less sensitive than immunochemical assays [43].

Rapid immunological FC and FOB dipstick tests are non-invasive,

easily preserved, and reliable diagnostic tools allowing immediate

detection of FC for diagnosing intestinal inflammation and FOB for

occult blood in the feces indicating intestinal morbidity [44]. Charac-

teristics and applicability of field-appropriate diagnostic tools using

proxy markers for STH morbidity are not well investigated to date

[42]. Moreover, previous work on morbidity indicators is mostly lim-

ited to research on schistosomiasis causing gastrointestinal morbidity

[41�43,45�47]. Although, some case reports suggest mucosal dam-

age as a consequence of STH infections [48,49], evidence on the asso-

ciation between infection and intestinal inflammation is lacking [8].

The objective of the current study was to investigate FC and FOB

as potential STH gut morbidity markers as a tool to monitor the

impact of community-level deworming. Using FC and FOB as bio-

markers, we aimed at assessing the potential association between

the presence of intestinal inflammation and STH infection status.

2. Methods

2.1. Study design

The presented data derive from a randomized controlled trial

(RCT) assessing efficacies of ivermectin-albendazole and albendazole

alone against T. trichiura and concomitant STH infections in partici-

pants aged 6�60 years. The study was conducted in communities in

the Lagunes region in Côte d’Ivoire, in the Luang Prabang Province in

Lao PDR, and in South Pemba on Pemba Island, Tanzania during the

screening period (Nov 2018 to Dec 2019) of the trial. Prior to study

initiation, ethical clearance was granted by the Ethics Committee of

Northwestern and Central Switzerland (EKNZ; reference no: BASEC

Nr Req-2018�00494), the Zanzibar Medical Research and Ethics

Committee (ZAMREC, reference no.: ZAMREC/0003/Feb/2018), the

Comit�e National d’�Ethique et de la Recherche, Minist�ere de la Sant�e

et de Lutte contre le SIDA (reference no.: 088�18/MSHP/CNESVS-

Research in context

Evidence before this study

Long-term infections with soil-transmitted helminths (STHs) con-

tribute to substantial morbidity; however, evidence on appropri-

ate point-of-care indicators of STH attributable morbidity is

scarce. We searched in PubMed for all articles published before

Nov 2, 2020 which mentioned “helminth”, “Trichuris trichiura”,

“Ascaris lumbricoides”, or “hookworm” and “fecal calprotectin” or

“fecal occult blood” in the abstract, without language restrictions.

Contradictory findings result from a small body of evidence (nine

studies) on the association between STH infection status, infection

intensity and intestinal morbidity, using Fecal Calprotectin (FC) or

Fecal Occult Blood (FOB) as indicators. Only one study used novel

rapid diagnostic immunoassay tests for FOB detection, while none

had a sufficient sample size to derive meaningful conclusions.

Added value of this study

This is the first large scale study testing FC and FOB as potential

proxy markers for STH attributable intestinal morbidity in three

different countries. No association between the presence of

intestinal inflammation or mucosal bleeding, assessed with FC

and FOB, and T. trichiura and A. lumbricoides infection status

was found, while a negative association between FC concentra-

tion and hookworm infection was found.

Implications of all the available evidence

Further research should focus on the development and evalua-

tion of potential morbidity markers, as the appropriate moni-

toring of STH attributable morbidity might become as

important as diagnosing the infection itself. Thus, appropriate

indicators of helminth attributable morbidity are still lacking.
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km), the Direction de la Pharmacie, du M�edicament et des Labora-

toires (reference no. ECCI00918) in Côte d’Ivoire, and the National

Ethics Committee for Health Research, Ministry of Health in Lao PDR

(reference no. 093/NECHR). Trial and study details are summarized in

the published trial protocol [50] and in the trial registration (clinical-

trials.gov, reference: NCT03527732, date assigned: 17 May 2018).

Prior to study enrollment, all inhabitants of the chosen villages

were invited to information sessions at local places, during which the

research staff explained the purpose and procedures of this study, as

well as the potential benefits and risks of participation. Written

informed consent was obtained from adults and parents or legal

guardians of children below the age of adulthood (21 years in Côte

d’Ivoire and 18 years in Lao PDR and Pemba Island). Children aged

below the age of adulthood gave written assent (Côte d’Ivoire) or oral

assent (Lao PDR and Pemba Island).

2.2. Study procedures

A short census was conducted at the start of screening, during

which the name, sex, age, and village name were recorded for all par-

ticipants. Consenting and eligible participants (aged 6�60, as the

only inclusion criteria for screening) were asked to provide two fresh

morning stool samples (as per inclusion criteria), preferably on con-

secutive days, in containers labelled with their assigned unique ID.

Collected stool samples were kept in a cool box containing ice packs

while being transported to the field laboratory.

Duplicate Kato-Katz thick smears (2 £ 41¢7 mg of stool) were pre-

pared and examined under a microscope by experienced laboratory

technicians for species-specific diagnosis of STH ova (i.e. T. trichiura,

A. lumbricoides, and hookworm) within 60 min after preparation to

avoid over-clearing of hookworm eggs [51] following the World

Health Organization (WHO) standard procedures [52]. Additionally,

in Lao PDR, Kato-Katz thick smear slides were examined for Opis-

thorchis viverrini infection and infections of Strongyloides stercoralis

were classified as larvae-positive or negative using the Baermann

technique [53]. To assure high quality of the microscopic evaluation,

10% of all Kato-Katz slides were randomly chosen, re-labeled, and re-

examined for A. lumbricoides and T. trichiura. In brief, microscopic

results were considered inconsistent if there was a difference in pres-

ence/absence of a specific helminth species, or if differences in egg

counts exceeded (i) 10 eggs for Kato-Katz thick smears with � 100

eggs, or (ii) exceeded 20% for Kato-Katz thick smears with > 100

eggs. In case of discrepancies between the original and the quality

control read, slides were read by a third independent microscopist

and results were discussed until consensus was reached [54].

Of those found positive for T. trichiura, a random subsample of

unique ID numbers (generated by a co-investigator not involved in

the laboratory work) were chosen to undergo FC and FOB testing

the same day. At the same time, of those participants found nega-

tive for T. trichiura, A. lumbricoides, and hookworm, a subsample of

approximately 50 participants were chosen at random (using a list

generated in the same manner as described above) in each setting

to undergo FC and FOB testing. Participants who were found not to

be infected with T. trichiura, but were infected with A. lumbricoides

and/or hookworm infections were not included in this study. All

included participants donated two fecal samples in order to

increase the precision of the STH infection result. On Pemba Island,

the first of the two fecal sample was used for subsequent rapid

diagnostic testing (RDT). Due to the low prevalence of T. trichiura

infections in the communities chosen in Lao PDR and Côte d’Ivoire,

it was decided to use the second donated stool sample to ensure

participants in this study would also be included in the larger trial,

which had a minimum infection intensity cut-off of 100 T. trichiura

eggs per gram of stool.

Cases that were subsequently enrolled in the clinical trial, were

clinically examined by a physician and their height, weight, and

hemoglobin levels recorded. However, negative controls, whomwere

not eligible for trial inclusion, did not undergo clinical examination.

Fig. 1. Study design.

Abbreviations: T. trichiura, Trichuris trichiura; FC, Fecal Calprotectin, FOB; Fecal Occult Blood; Lao PDR, Lao People’s Democratic Republic; RCT, Randomized Controlled Trial; RDT,

Rapid Diagnostic Test; STH, Soil-transmitted helminth
a Positive or negative according to the first and second stool sample; second stool sample was used for subsequent fecal RDT
b Positive or negative according to the first stool sample, which was used for subsequent fecal RDT on the same day.
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2.3. Point-of-care tests: fecal calprotectin and fecal occult blood

A semi-quantitative chromatographic immunoassay (Actim� Fecal

Calprotectin test, Medix Biochemica, Finland) was applied for FC detec-

tion according to the manufacturer’s instructions. In brief, the partici-

pant number was first written on the Specimen Dilution Buffer tube

(3 mL) before unscrewing. The sampling stick, attached to the cap, was

first twisted into different places of the fecal sample in order to make

sure that both slits at the head of the stick contained stool. The sampling

stick was put back in the tube and shaken to suspend the feces in the

buffer. A dipstick was then inserted into the perforation area of the

buffer tube before inverting the tube by 90° for two seconds. The tube

was then placed on a flat surface in an upright position. Results were

read after ten minutes with one test line indicating a valid test result

with a FC level < 50 mg/g, two lines indicating a level of 50�200 mg/g,

and three lines indicating a level > 200 mg/g of FC concentration in the

test specimen based on reference values provided by the manufacturer.

FC levels< 50mg/g were interpreted as no inflammation, 50�200mg/g

of FC as possible inflammation and > 200 mg/g of FC as likely active

inflammation, similar to suggestions by Bressler et al [55].

Fig. 2. Prevalence of � 50 mg/g FC concentration by EPG for Trichiura trichuris infections, Ascaris lumbricoides, and hookworm co-infections, and, in addition, by country (middle

row), and age group (bottom row).

Abbreviations: A. lumbricoides, Ascaris lumbricoides; EPG, eggs per gram; FC, fecal calprotectin; T. trichiura, Trichuris trichiura.
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A simple immunochemical test was applied for FOB (Actim� Fecal

Blood test, Medix Biochemica, Finland) detection, following the man-

ufacturer’s instructions. Unlike traditional guaiac tests, this test is

based on highly specific monoclonal antibodies that only detect

human hemoglobin, thus, food substances containing hemoglobin or

peroxidase activity do not influence test results. Test procedure was

similar to the aforementioned FC test, however; positive results were

readable immediately as soon as two blue lines appeared, negative

samples remained with only one blue line after ten minutes. Detailed

test characteristics (e.g. sensitivity and specificity) are summarized

by the manufacturer and published online [56].

Fecal rapid tests were conducted by laboratory personnel not

involved in assessing parasitological data and masked to the iden-

tity of participants providing samples. The results from each test

were then recorded on a personal log form by the technician

involved in the fecal rapid diagnostic testing. If no control line

appeared, the result was recorded as invalid and was repeated

with a new dipstick.

2.4. Outcomes

The objective of this study was to evaluate FC and FOB as potential

STH gut morbidity markers. Adjusted odds ratios of FC and FOB val-

ues were calculated for STH infected participants compared to STH

negative controls.

2.5. Sample size

We aimed for a total sample size of 1050: 300 T. trichiura positive

individuals and 50 individuals negative for all STH infections per coun-

try. This study was conducted within the framework of a RCT; therefore,

no separate sample size calculation has been conducted. Since preva-

lence of FC and FOB is unlikely very rare and varies drastically by setting,

a sample size of above 1000 was deemed to be sufficient. Moreover,

experience has shown that the study would be sufficiently powered

unless the outcome or the exposure is rare. We estimated we would be

able to detect a halving of risk with at least 80% power if the prevalence

in the non-exposed group is at least 10% or higher.

2.6. Statistical analysis

Data were double entered into EpiInfo 3.5.4 by two independent

data clerks and crosschecked using the data compare tool of EpiInfo

3.5.4 Any discrepancies between the two datasets were resolved by

consulting the original hardcopy. Descriptive analysis was done in

Stata IC 15 (StataCorp.; College Station, TX), whereas all statistical

estimations were performed in R 3.5.1 (RStudio, PBC, Boston, MA).

Proportions of infection with T. trichiura and co-infections with A.

lumbricoides and/or hookworm were assessed for all participants in

all three settings, while for Lao PDR O. viverrini and S. stercoralis co-

infections were additionally assessed.

Results from the duplicate Kato-Katz smears from each of the two

stool samples were summed and multiplied by a factor of six to be

expressed as mean egg count per gram (EPG) of feces. Associations

between FC with participant’s age, sex, country, and parasitic infec-

tions was assessed using Bayesian logistic regression with logit link

to estimate odds ratios (ORs) with corresponding 95% credible inter-

vals (CrI). The Bayesian framework - as implemented in the R package

'rstanarm' (v 2.19.3) - was preferred to avoid potential quasi separa-

tion problems. We used the default weakly informative prior distri-

butions for all parameters, i.e. normal priors with mean 0 and

standard deviation 2¢5. The Markov chain Monte Carlo alogorithm

drew 1000 samples from 4 chains after a warm-up of additional 1000

samples per chain. Convergence was assessed by the R-hat statistic.

Smoothing lines in figures were predicted via generalized additive

models for binomial data. Due to the low number of individuals

(n = 14/1189) testing positive for FOB, it was decided to forego formal

statistical testing and present the results descriptively.

2.7. Role of the funding source

The funder of the study had no role in study design, data collec-

tion, data analysis, data interpretation, or writing of the report. The

corresponding author had full access to all the data in the study and

had final responsibility for the decision to submit for publication.

3. Results

3.1. Participants characteristics

Fig. 1 shows the study design by setting. Out of the 6567 partici-

pants screened, 2983 (45¢4%) were positive for T. trichiura infection

and 3584 (54¢6%) were negative for all STH infections. From these,

1034 of the 2983 T. trichiura positive cases and 157 of the STH nega-

tive cases were randomly selected for FC and FOB testing.

Baseline parasitological and demographic characteristics of partic-

ipants surveyed for FC and FOB are summarized in Table 1. Of those

participants infected with T. trichiura (n = 1034), 51¢5% were female,

while the mean age of those was 18¢7 (§15¢0) years. The identified

STH negative participants (n = 157) were slightly older with a mean

age of 30¢1 (§ 16¢2), while 66¢2% of those participants were female.

Table 1

Baseline characteristics of T. trichiura positive cases and STH negative controls.

T. trichiura positive,

n (%)

STH negative,

n (%)

Total of participants included, N. (%)a 1034 (86¢8) 157 (13¢2)

Females, n (%) 533 (51¢5) 104 (66¢2)

Mean age, years (SD) 18¢7 (15¢0) 30¢1 (16¢2)

Mean BMI, kg/m2 (SD)b 18¢1 (4¢6) NA

Mean hemoglobin, g/L (SD)b 124¢6 (14¢5) NA

T.trichiura infection NA

Geometric mean EPG 492¢0

Infection intensityc, n (%)

Light 784 (75¢8)

Moderate 240 (23¢2)

Heavy 10 (1¢0)

A. lumbricoides co-infection NA

Infected, n (%) 345 (33¢3)

Geometric mean EPG 4317¢9

Infection intensityc, n (%)

Light 167 (48¢4)

Moderate 150 (43¢5)

Heavy 28 (8¢1)

Hookworm co-infection NA

Infected, n (%) 338 (32¢7)

Geometric mean EPG 559¢4

vInfection intensityc, n (%)

Light 253 (74¢9)

Moderate 49 (14¢5)

Heavy 36 (10¢7)

S. stercoralis co-infectiond NA

Infected/Surveyed, n (%) 49/277 (17¢7)

O. viverrini co-infectiond NA

Infected, n (%) 54/300 (18¢0)

Abbreviations: A. lumbricoides, Ascaris lumbricoides; BMI, body mass index; EPG, eggs

per gram; NA, not applicable; O. viverrini, Opisthorchis viverrini; SD, standard devia-

tion; S. stercoralis, Strongyloides stercoralis; T. trichiura, Trichuris trichiura.
a Baseline characteristics were assessed for 1191 participants surveyed for FC.

Additionally, 2 participants missed FOB testing, however, baseline characteristics

between FC and FOB are thus very similar.
b BMI and hemoglobin was only assessed in participants attending subsequent

clinical examination.
c Infection intensities were classified according to WHO recommendations,

based on guidelines established by Montresor et al. (1998).
d O. viverrini and S. stercoralis co-infections were only assessed in Lao PDR.
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In addition to T. trichiura infection, 345 (33¢3%) participants were

co-infected with A. lumbricoides, while 338 (32¢7%) participants har-

bored a hookworm co-infection. Among those participants in Lao

PDR, 18¢0% were found to be co-infected with O. viverrini and 17¢7%

with S. stercoralis. Mean body mass index (BMI) and mean hemoglo-

bin concentration were 18¢1 (§4¢6) kg/m2 and 124¢6 (§14¢5) g/L,

respectively.

Median EPGs were 402, 5508, and 759 for T. trichiura infections and

A. lumbricoides and hookworm co-infections, respectively (Table 2).

Table 3 shows that the EPG distribution differs among settings with

Pemba Island, having a higher median EPG (558, IQR 330�1224) than

Côte d’Ivoire (median EPG: 408, IQR 198�1068), and Lao PDR (median

EPG: 252, IQR 150�543) for those with T. trichiura infection. A. lumbri-

coides co-infection was found in 35¢9%, 36¢0%, and 27¢8% of study partic-

ipants in Côte d’Ivoire, Lao PDR, and Pemba Island, respectively; though

the proportion of T. trichiura infected participants with hookworm co-

infection was higher in Lao PDR (91¢7%) compared to Côte d’Ivoire

(7¢6%) and Pemba Island (9¢9%).

3.2. Fecal rapid diagnostic test results

As shown in Table 2, of those diagnosed with T. trichiura (n = 1034),

most participants (842 (86¢7%)) were found to have a normal FC concen-

tration of < 50mg/g, while 149 (12¢5%) were found to have elevated FC

concentrations of 50�200 mg/g. Only a few participants (43 (3¢6%))

were identified with high (> 200mg/g) FC levels. Most participants har-

boring a co-infection with A. lumbricoides (78¢9%) or hookworm (79¢0%)

were found to have a normal FC concentration of< 50mg/g.

Negative controls showed a similar distribution of FC levels; the

majority 129 (82¢2%) had a normal FC concentration of < 50 mg/g,

while 18 (11¢4%) were identified with FC concentrations of

50�200 mg/g and 10 (6¢4%) with high FC concentrations of >

200 mg/g. Age, Sex, BMI, and hemoglobin level were similar among

the different FC levels.

During the study, 1189 participants were surveyed for FOB, while

only a minority of 14 (1¢2%) participants were found to be positive. Most

of the participants (78¢6%) tested positive for FOB were found in the

Asian setting. Country specific study results are summarized in Table 3.

Fig. 2 shows the proportion of � 50 mg/g concentration of FC by

EPG for each STH and, additionally, by country and age group. For

T. trichiura infections and hookworm co-infections, FC proportion

of � 50 mg/g remains flat as EPG increases; while there is an

increase in percentage of � 50 mg/g starting at 100 EPG for A. lum-

bricoides co-infections.

Results of multivariable logistic regression models are summarized

in Table 4, while country-specific results are shown in S1 Table (Sup-

plementary Table 1). When results from all three countries were com-

bined, no association was found between FC and infection with T.

trichiura and co-infection with A. lumbricoides, while hookworm co-

infection was associated with lower odds (OR: 0¢45, 95% CrI: 0¢26,

0¢75). Country was the greatest overall predictor of FC concentration

with Lao PDR having a higher odds (OR: 1¢77, 95% CrI: 1¢09, 2¢97)) of �

50 mg/g FC concentration and Pemba Island having a lower odds (OR:

0¢23, 95% CrI: 0¢14, 0¢37) of � 50 mg/g FC concentration when com-

pared, respectively, to Côte d’Ivoire. Older participants (ages 36�64

years) had a statistically significant higher odds of � 50 mg/g FC con-

centration when compared to participants ages 5�11 years (OR: 1¢49,

95% CrI: 1¢00, 2¢20)). In Lao PDR, the higher odds of � 50 mg/g FC con-

centration amongst older participants was also seen (OR: 3¢31, 95%

CrI: 1¢62, 7¢24 for 36�64 age group). The raw data suggests a

country £ T. trichiura interaction. Therefore, an additional model

including the interaction terms was fitted, which can be found in S2

Table (Supplementary Table 2). However, the estimated odds ratios for

age categories, sex, and co-infections changed only slightly.

Table 2

Test results of fecal calprotectin and fecal occult blood in T. trichiura positive and STH negative participants.

Fecal calprotectin Fecal occult blood Total N(%)

< 50mg/g 50�200mg/g > 200mg/g Negative Positive

Number of test results, n (%) 971 (81¢5) 167 (14¢0) 53 (4¢5) 1175 (98¢8) 14 (1¢2) 1191a (100)

T. trichiura positive, n (%) 842 (86¢7) 149 (12¢5) 43 (3¢6) 1020 (98¢8) 12 (1¢2) 1034 (100)

Females, n (%) 436 (81¢8) 77 (14¢4) 20 (3¢8) 520 (97¢9) 11 (2¢1) 533 (100)

Mean age, years (SD) 18¢0 (14¢3) 22¢1 (17¢5) 21¢1 (17¢4) 18¢6 (14¢9) 29¢6 (18¢2) 18¢8 (15¢0)

Mean BMI, kg/m2 (SD)b 18¢0 (4¢5) 18¢9 (5¢1) 18¢0 (4¢5) 18¢1 (4¢6) 19¢2 (3¢7) 18¢1 (4¢6)

Mean hemoglobin, g/L (SD)c 124¢6 (14¢5) 124¢6 (14¢3) 126¢0 (14¢9) 124¢6 (14¢4) 123¢3 (20¢6) 124¢6 (14¢5)

Median EPG (IQR) 408 360 390 405 279 402

(216�948) (210�966) (186�720) (210�960) (138�432) (210�948)

Co-infections with A. lumbricoides

Positive (%) 273 (78¢9) 54 (15¢6) 19 (5¢5) 343 (99¢1) 2 (0¢9) 346 (100)

Median EPG (IQR) 4716 9864 10,716 5508 12,861 5508

(1212�14,376) (1830�32,802) (4014�25,362) (1332�18,462) (360�25,362) (1332�18,462)

Co-infections with hookworm

Positive (%) 271 (79¢9) 49 (14¢5) 19 (5¢6) 330 (97¢3) 9 (2¢7) 339 (100)

Median EPG (IQR) 714 954 522 729 1158 759

(186�1974) (492�2064) (210�2556) (198�1968) (252�6042) (204�2064)

Co-infections of T. trichiura

with 1 other STH 442 (79¢0) 87 (15¢5) 31 (5¢5) 548 (98¢2) 10 (1¢8) 560 (100)

with 2 other STHs 101 (82¢1) 15 (12¢2) 7 (5¢7) 122 (12¢0) 1 (8¢3) 123 (100)

with O. viverrinid 43 (79¢6) 8 (14¢8) 3 (5¢6) 53 (98¢1) 1 (1¢9) 54 (100)

with S. stercoralisd 39 (79¢6) 7 (14¢3) 3 (6¢1) 48 (98¢0) 1 (2¢0) 49 (100)

STH negative, n (%) 129 (82¢2) 18 (11¢4) 10 (6¢4) 155 (98¢7) 2 (1¢3) 157 (100)

Females (%) 89 (69¢0) 9 (50¢0) 6 (60¢0) 104 (67¢1) 0 (0¢0) 104 (100)

Mean age, years (SD) 31¢3 (15¢4) 32¢4 (20¢5) 20¢9 (16¢1) 30¢1 (16¢1) 30¢5 (29¢0) 21¢1 (17¢4)

Abbreviations: A. lumbricoides, Ascaris lumbricoides; BMI, body mass index; EPG, eggs per gram; IQR, interquartile range; O. viverrini, Opisthorchis viverrini; SD,

standard deviation; S. stercoralis, Strongyloides stercoralis; T. trichiura, Trichuris trichiura.
a 1191 FC test results and 1189 FOB test results were obtained, as not enough stool was collected from two individuals to conduct FOB tests.
b Data was only collected in 954 individuals for FC and 953 individuals for FOB, as STH negative and other possibly eligible participants did not attend subse-

quent clinical examination.
c Data was only collected in 957 individuals for FC and 956 individuals for FOB, as STH negative and other possibly eligible participants did not attend subse-

quent clinical examination.
d O. viverrini and S. stercoralis infections were only assessed in Lao PDR.
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4. Discussion

We applied FC and FOB tests to assess the relationship between STH

infections and intestinal inflammation or mucosal bleeding in three dif-

ferent countries. It is of pivotal importance to find an affordable, stan-

dardized and simple point-of-care test to assess STH attributable

morbidity to better survey control interventions. Evidence on the associ-

ation between local inflammation and STH infections is scarce; how-

ever, key problems with much of the literature are the generally small

sample sizes [40,57,58] and the use of different biomarkers [19] for

intestinal inflammation leading to contradictory results.

We found no associations of FC and FOB with T. trichiura infection

and A. lumbricoides co-infection status and intensity in each of the

three settings tested, demonstrating that FC and FOB are not good

proxy markers for STH attributable gut morbidity. Known immuno-

regulatory properties of STHs have shown a down-regulation of host

response to limit inflammation and tissue damage, which may

explain our findings [59,60]. Albeit our results show a slight protec-

tive effect of hookworm co-infection, this might be attributed to the

hypothesis that hookworm infection causes a dampening effect on FC

levels by inhibiting neutrophils, the main calprotectin-producing cell

type [61]. Of note, N. americanus is expected to be the predominant

hookworm species in our settings, ingesting around 0¢001 mL blood

per day [62�65] Our results suggest age and setting are greater pre-

dictors of FC concentration than the presence of helminth infection.

Though age has been thoroughly established as a predictor for

inflammation in the body [66,67], the root cause of why setting is

predictive of high calprotectin is yet to be determined although dif-

ferent diets and exercise might play a role [68].

Our findings add to the small body of evidence currently available

on FC concentration and helminth infections. The results we found

substantiate on a larger scale the previous findings of de Gier and col-

leagues, who reported no association between FC concentration and

STH infection in 2018 [19]. Additionally, de Gier et al. reported no

association between hookworm and FC concentration at baseline or

at seven months follow-up [69]. Cepon-Robins et al. similarly

observed in a small sample size among the Shuar of Amazonian

Ecuador that the relationship between infection and intestinal

inflammation were age- and species-specific. These researchers

found children singly infected with T. trichiura to have significantly

lower FC levels, regardless their infection intensity, while no signifi-

cant relationships were found among adults [57].

Surprisingly, we only found 12 FOB positive results among all STH

infected participants. Though we did not formally apply a statistical

test for FOB, due to the low number of positive test results, our find-

ings correlate fairly well with Raj et al. as they also did not find a sig-

nificant difference in the rate of FOB between T. trichiura or A.

lumbricoides positive and negative children [70]. These findings are

supported byWakid who did not detect significant evidence on intes-

tinal parasitic infections, including STHs, and positive FOB tests [71].

In contrast, the findings of Kanzaria et al. and Wanachiwanawin et al.

support a relationship between FOB and moderate and heavy T. tri-

chiura infections only [40,43].

Different findings were documented for schistosomiasis, a strong

association between prevalence and intensity of Schistosoma mansoni

infection and FOB was observed after repeated treatment over a

period of one year in a cohort of young children [41]. These findings

seem to be supported by Bustinduy et al. who found a significant cor-

relation between FOB and moderate and heavy egg intensities of S.

mansoni infection [46]. Moreover, Kanzaria et al. found a positive cor-

relation between FOB and Schistosoma japonicum [43]. However,

comparison to these studies on schistosomiasis needs to be inter-

preted with caution, as the host-parasite interaction differs compared

to STHs. In the case of intestinal schistosomiasis, the disease is pro-

gressed by the chronic and downregulated granulomatous response

to entrapped eggs causing polypsosis and pseudopolypsosis leading

to rectal bleeding [72].

According to our findings, we suggest that intestinal inflammation

and mucosal bleeding caused by STH infections potentially are very

low-grade. There might be an age attributable reduction in the rate

of parasite establishment, survival, and fecundity due to acquired

immunity [73]. Moreover, immune system response to presence of

STH ova might differ between the chosen settings. Additionally, blood

loss in STH infected individuals might particularly result from the

Table 3

Age, sex, and co-infection for participants surveyed for fecal calprotectin and fecal occult blood by country.

Côte d'Ivoire Lao PDR Pemba Island

T. trichiura positive all STH negative T. trichiura positive all STH negative T. trichiura positive all STH negative

Participants, n 410 51a 300 51b 324 55

Mean age in years (SD) 16¢3 (13¢6) 31¢5 (14¢8) 28¢3 (17¢5) 24¢6 (17¢5) 13¢0 (8¢8) 24¢9 (14¢3)

Age categories

5�11 years (%) 251 (61¢2) 8 (16¢0) 92 (30¢7) 20 (40¢0) 182 (56¢2) 2 (3¢6)

12�34 years (%) 99 (24¢2) 18 (36¢0) 91 (30¢3) 11 (22¢0) 126 (38¢9) 22 (40¢0)

35�64 years (%) 60 (14¢6) 24 (48¢0) 117 (39¢0) 19 (38¢0) 16 (4¢9) 31 (56¢4)

Females (%) 209 (51¢0) 29 (58¢0) 157 (52¢3) 31 (62¢0) 167 (51¢5) 43 (78¢2)

Median EPG (IQR)) 408 (198�1068) 0 (0) 252 (150�543) 0 (0) 558 (330�1224) 0 (0)

A. lumbricoides infection (%) 147 (35¢9) 0 (0) 108 (36¢0) 1 (2¢0)b 90 (27¢8) 0 (0)

Hookworm infection (%) 31 (7¢6) 1 (2¢0)a 275 (91¢7) 0 (0) 32 (9¢9) 0 (0)

O. viverrini infection (%) ND ND 54 (18¢0) 1 (2¢0) ND ND

S. stercoralis infection (%) ND ND 49 (17¢7) 0 (0¢0) ND ND

Fecal calprotectin

< 50mg/g (%) 311 (75¢9) 40 (80¢0) 231 (77¢0) 33 (66¢0) 300 (92¢6) 55 (100¢0)

� 50mg/g (%) 99 (24¢1) 10 (20¢0) 69 (23¢0) 17 (34¢0) 24 (7¢4) 0 (0)

Fecal occult bloodc

Positive (%) 2 (0¢5) 0 (0) 9 (3¢0) 2 (4¢0) 1 (0¢3) 0 (0)

Negative (%) 407 (99¢5) 50 (100¢0) 291 (97¢0) 48 (96¢0) 322 (99¢7) 55 (100¢0)

Abbreviations: A. lumbricoides, Ascaris lumbricoides; ND, not determined; O. viverrini, Opisthorchis viverrini; SD, standard deviation; STH, soil-transmitted hel-

minths; S. stercoralis, Strongyloides stercoralis; T. trichiura, Trichuris trichiura.
a 1 of 51 participants was wrongly assigned to a STH negative sample. The hookworm co-infection was of light intensity.
b 1 of 51 participants was wrongly assigned to a STH negative sample. The A. lumbricoides co-infection was of light intensity.
c Only 409 and 323 assessed in Côte d’Ivoire and Pemba Island, respectively.
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active feeding by adult worms, rather than the leakage around the

parasite’s attachment site in the gut, leading to decreased levels of

hemoglobin instead of blood loss in feces [74]. Therefore, it remains

challenging measuring morbidity in the context of STH infection and

treatment, which is in agreement with Bogoch et al., who conducted

a detailed clinical examination to determine whether STH cause mea-

surable morbidity [75], which was not the case.

It is plausible that a number of limitations might have influenced

the results obtained. Some controversy remains on the optimal cut-

off values. Historical data on FC levels derive from delevoped coun-

tries and evidence on normal FC levels in populations equivalent to

our study population is still limited, hampering interpretation of our

data. Little evidence suggests to consider FC levels of 50�200 mg/g as

normal in people of African-Caribbean descent; however, repeated

tests at different time points in several settings would need to be

done to strengthen this finding [76]. Similar to most point-of-care

RDTs, precision can be limited to ease interpretation and dissemina-

tion of results. A meta-analysis by Lin et al. found that in regular FC

RDTs, sensitivity is decreasing with higher FC levels, while specificity

is increasing [77]. Moreover, the limit of detection of the FC test used

in this study was > 200 mg/g, however, especially values > 500 mg/g

seem to highly predict pathological findings [76]. As most STH infec-

tions of our study population were of light infection intensities, we

might have missed an association between heavy infections and

intestinal inflammation (FC) or mucosal bleeding (FOB). Furthermore,

our study design was restricted to cases of T. trichiura, which limits

the interpretation for A. lumbricoides and hookworm infections to co-

infections rather than single infections, which may affect the inter-

pretation of the results. As FC and FOB tests are not disease-specific,

we were not able to control for chronic gastrointestinal diseases,

malaria, schistosomiasis, and other confounding infective agents,

such as bacterial pathogens. In addition, due to monetary constraints,

we only analysed one fecal sample for FC/FOB per participant and a

sufficient internal quality control method for FC/FOB testing could

not be established. Future studies should establish such controls,

whenever possible, by partially re-labeling and re-examining results

of tests. Moreover, as in many multicountry research, various chal-

lenges arose across multiple settings. Differences in diet, culture, and

social norms were unable to be accounted for and could potentially

bias results. In addition, varying seasonality, host susceptibility, and

parasite strains would have an uncontrollable impact on the findings

of this study. In spite of these challenges, the results of this study add

to the expanding body of literature of STH attributable morbidity.

Lastly, the generalizability of our findings are limited to populations in

resource-limited settings with recurring and chronic STH infections.

In conclusion, we were not able to detect intestinal morbidity in

our study population using FC and FOB as proxy markers. Other

potential markers of intestinal inflammation including antitrypsin,

eosinophilic protein X, TNFa, or lysozyme have been suggested for

diagnosing inflammatory bowel disease, which may be expanded to

test for STH attributable intestinal morbidity. However, these test

suffer from low diagnostic performance or have not been investi-

gated well enough [78]. Furthermore, markers assessing other facets

of STH attributable intestinal morbidity, such as mucosal changes, are

needed. Thus, field applicable morbidity markers for STH infections

need to be further explored to appropriately monitor and evaluate

current global control strategies as monitoring levels of morbidity

might become as important as diagnosing the infection itself.
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Supplementary Material 

S1 Table. Determinants for fecal calprotectin levels in fecal stool samples for Côte d’Ivoire, Lao PDR 
and Pemba Island. Presented are odds ratios and 95% credible intervals estimated by multivariable 
logistic regression.a 

Variable FC ≥ 50 µg/mg FC < 50 µg/mg OR 95% CrI Sensitivity b 
Côte d'Ivoire n: 109 n: 352 
Age 

5-11 years 66 (25·5%) 193 (74·5%) ref ref 

12-34 years 22 (18·8%) 95 (81·2%) 0·67 0·36, 1·19 
35-64 years 21 (24·7%) 64 (75·3%) 1·02 0·54, 1·85 

Sex 

Female 52 (21·8%) 187 (78·2%) ref ref 

Male 57 (25·7%) 165 (74·3%) 1·20 0·77, 1·82 
Trichuris trichiura infection 

Negative 10 (19·6%) 41 (80·4%) ref ref 
Positive 99 (24·1%) 311 (75·9%) 1·13 0·51, 2·60 90·8% 

Ascaris lumbricoides infection 

Negative 66 (21·0%) 248 (79·0%) ref ref 

Positive 43 (29·3%) 104 (70·7%) 1·52 0·95, 2·39 39·4% 
Hookworm infection 

Negative 105 (24·5%) 324 (75·5%) ref ref 
Positive 4 (12·5%) 28 (87·5%) 0·45 0·13, 1·19 3·6% 

Lao PDR n: 87 n: 264 
Age 

5-11 years 22 (19·6%) 90 (80·4%) ref ref 

12-34 years 18 (17·6%) 84 (82·4%) 1·07 0·47, 2·44 

35-64 years 47 (34·3%) 90 (65·7%) 3·31 1·62, 7·24 
Sex 

Female 48 (25·5%) 140 (74·5%) ref ref 

Male 39 (23·9%) 124 (76·1%) 0·97 0·53, 1·76 
Trichuris trichiura infection 

Negative 18 (35·3%) 33 (64·7%) ref ref 

Positive 69 (23·0%) 231 (77·0%) 0·22 0·00, 7·09 79·3% 
Ascaris lumbricoides infection 

Negative 63 (26·0%) 179 (74·0%) ref ref 

Positive 24 (22·0%) 85 (78·0%) 0·88 0·49, 1·60 27·6% 
Hookworm infection 

Negative 25 (32·9%) 51 (67·1%) ref ref 
Positive 62 (22·5%) 213 (77·5%) 0·51 0·20, 1·37 71·3% 

Opisthorchis viverrini infection 

Negative 76 (25·7%) 220 (74·3%) ref ref 

Positive 11 (20·0%) 44 (80·0%) 0·66 0·28, 1·48 12·6% 
Strongyloides stercoralis infection 

Negative 50/228 (21·9%) 178/228 (78·1%) ref ref 
Positive 10/49 (20·4%) 39/49 (79·6%) 0·48 0·12, 1·62 60% 

Pemba Island n: 24 n: 355 
Age 

5-11 years 14 (7·6%) 170 (92·4%) ref ref 

12-34 years 9 (6·1%) 139 (93·9%) 0·90 0·36, 2·17 

35-64 years 1 (2·1%) 46 (97·9%) 0·54 0·05, 3·09 
Sex 

Female 12 (5·7%) 198 (94·3%) ref ref 

Male 12 (7·1%) 157 (92·9%) 1·10 0·46, 2·65 
Trichuris trichiura infection 

Negative 0 (0·0%) 55 (100·0%) ref ref 

Positive 24 (7·4%) 300 (92·6%) 14·39 1·32, 467·34 100% 
Ascaris lumbricoides infection 

Negative 18 (6·2%) 271 (93·8%) ref ref 

Positive 6 (6·7%) 84 (93·3%) 0·85 0·31, 2·06 25·0% 
Hookworm infection 

Negative 22 (6·3%) 325 (93·7%) ref ref 
Positive 2 (6·3%) 30 (93·8%) 0·75 0·13, 2·81 8·3% 

Abbreviations: CrI, credible interval; FC, fecal calprotectin; OR, odds ratio; ref, reference group 
a Adjusted for age, sex, T. trichiura, A. lumbricoides and hookworm infection status 
b Calculated as positive/(positive + negative) in the participants with FC ≥ 50 µg/mg
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S2 Table. Determinants for fecal calprotectin levels in fecal stool samples – Country  T. trichiura infection
model. Presented are odds ratios and 95% credible intervals estimated by multivariable logistic regression.a 

Variable OR 95% CrI 
Country b 

Côte d’Ivoire ref ref 
Lao PDR 2·41 0·97, 6·15 
Pemba Island 0·01 0·00, 0·16 

Age categories 
5-11 years ref ref 
12-34 years 0·80 0·55, 1·17 
35-64 years 1·58 1·07, 2·35 

Sex 
Female ref ref 
Male 1·11 0·81, 1·53 

Ttrichuris trichiura infection b 
Negative ref ref 
Positive 1·56 0·71, 3·49 

Ascaris lumbricoides co-infection 
Negative ref ref 
Positive 1·19 0·86, 1·65 

Hookworm co-infection 
Negative ref ref 
Positive 0·56 0·29, 1·01 

Interactions 

Lao PDR  T· trichiura infection 0·58 0·19, 1·77 

Pemba Island  T· trichiura infection 30·04 1·56, 8038 

Abbreviations: CI, credible interval; FC, fecal calprotectin; OR, odds ratio; ref, reference group 
a Regression model includes country, age, sex, T. trichiura, A. lumbricoides, hookworm infection status, and country 
T. trichiura interaction term
b Main country and T. trichiura infection effects have a different interpretation in the presence of an interaction term
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Abstract

There is only limited scientific literature on trial methodology, trial procedures and mit-
igation strategies to overcome challenges faced during clinical research taking place in
resource constrained healthcare environments. Organisational, cultural, infrastructural
and ethical challenges may vary between settings although conduct of clinical trials
for the same disease (in our case soil-transmitted helminth (STH) infections) share similar
risks for implementation. We use the example of a phase III randomised controlled trial,
conducted between 2018 and 2020 in Côte d’Ivoire, Lao PDR and Pemba Island
(Tanzania), to share challenges faced and mitigation strategies to guide future planning
of studies in similar settings. We describe the planning, screening, enrolment and imple-
mentation phases in each of the three settings. Our findings indicate that involvement
of local staff and close collaboration are essential factors for successful trial preparation
and implementation. A strategic plan adapted to each setting with a distinct focus on
community engagement and workforce is crucial to proceed efficiently. Mutual trust
between the trial population and the trial team is of utmost importance and allows
for early reaction and adaption to emerging issues.

1. Introduction

Soil-transmitted helminths (STHs) are the most common and wide-

spread poverty-driven parasites in humans worldwide affecting nearly 1.5

billion people mostly living in tropical and subtropical regions (Amazigo

et al., 2012; Pullan et al., 2014; WHO, 2017). Preventive chemotherapy

(PC), which is the regular administration of a single dose of an anthelminthic

drug to at-risk populations, is the main strategy to reduce STH burden rec-

ommended by theWorldHealthOrganization (WHO) (2017). Although the

mass drug administration (MDA) of anthelminthic drugs has shown benefits

in reducing prevalence and intensity of STHs in various populations, its sus-

tainability and choice of appropriate implementation strategies (e.g. school-

based vs. community-wide treatment schemes, enhanced minimal coverage

rates) are under debate (Anderson et al., 2017; Farrell et al., 2018; Lo et al.,

2017).Moreover, currently used standard drugs (i.e. the benzimidazoles albe-

ndazole and mebendazole) do not show satisfactory efficacy against all STH

species and potentially emerging drug resistance is more pressing than ever,

yet only few other drugs have been tested for anthelminthic activity in

humans or are currently in the pipeline (Schulz et al., 2018).

Conducting and implementing randomised controlled trials (RCTs)

are important steps in determining the safety and efficacy of various treat-

ments, and are also crucial for comparing and improving the use of drugs,

vaccines, medical devices and diagnostics to reduce the risk posed by a dis-

ease (Institute of Medicine, 2009). The scope of clinical trials is growing
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rapidly, although RCTs on neglected tropical diseases are underrepresented

in clinical research (Kappagoda and Ioannidis, 2014; Mbuagbaw et al., 2011).

However, the lack of high quality evidence from different STH endemicity

profiles on best treatment choice (e.g. the use of drug combinations) has led to

an increasing number ofRCTs (Asbjornsdottir et al., 2018; Pullan et al., 2019;

Vlaminck et al., 2018) and is also the rationale behind the multi-country trial

to be described in this critical analysis (Patel et al., 2019).

The conduct of clinical studies applying Good Clinical Practice (GCP),

from trial design to dissemination of results, is complex and bears many chal-

lenges. This is particularly evident when conducting clinical research in

resource-limited settings that are the target areas for RCTs on STH infec-

tions. There may be a lack of proper infrastructure and human resources call-

ing for the build-up of field laboratories and/or health centres as well as

capacity buildingwith additional training efforts for trial staff. In order to keep

recruitment rates high, STH trials target the most affected populations, which

are mostly poor, rural and marginalized populations living in areas difficult to

access often exacerbated by unstable environmental situations, such as heavy,

seasonal rains. Moreover, an over-dispersed frequency distribution of STH

infections is observed (Croll and Ghadirian, 1981), with most individuals

harbouring light infections and few with heavy infections. The transmission

patterns may be highly focal (Halliday et al., 2019). Hence, RCTs on STHs

often involve screening of large numbers of populations in remote areas for

recruitment of qualifying cases (Moser et al., 2017; Vercruysse et al., 2011).

There is only scarce scientific literature on trial methodology, trial pro-

cedures and mitigation strategies to overcome challenges faced during clin-

ical research taking place in less developed healthcare environments. Thus,

our main aim is to fill this knowledge gap and discuss the issues faced during

the implementation of an ivermectin-albendazole co-administration phase

III trial against Trichuris trichiura in three resource-constrained settings.

The gained insights may inform investigators working in the described or

similar settings in future clinical and epidemiological research on parasitic

worms. Lastly, we will reflect on lessons learned and propose strategies to

address real-world hurdles.

2. Trial methodology

2.1 Trial design and outcomes
The trial reported in this manuscript is an investigator-initiated, multi-

country, parallel group, double-blind, randomised trial. The protocol

was described before (Patel et al., 2019). The trial was conducted in two
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African settings, namelyCôte d’Ivoire and Pemba Island (Zanzibar, Tanzania),

and one Asian setting, Lao People’s Democratic Republic (PDR). The ratio-

nale of this trial was to generate new evidence on the efficacy (in terms of

cure rates) and safety of co-administered ivermectin-albendazole compared

to albendazole monotherapy (standard of care) against T. trichiura infections

in community members aged 6–60years in different transmission settings

and geographies. Secondary outcomes included cure rates against hookworm,

Ascaris lumbricoides and Strongyloides stercoralis infections, egg reduction rates,

adverse events and potential extended effects (re-infection rates 6 and

12months post-treatment) against all STH species, and comparison of efficacy

measures by different diagnostic approaches (microscopy vs. qPCR).The trial

included one baseline and three follow-up assessments at 14–21days,
6 months, and 12 months post-treatment. Eligible for trial inclusion were

all T. trichiura positive members aged 6–60years that had a minimal faecal

egg count of 100 eggs per gram (EPG), at least 2 out of 4 Kato-Katz slides

positive, no recent (within last 4 weeks) use of anthelminthic drug and not

presenting any health condition putting the individuals at risk for any conse-

quences from treatment.

2.2 Trial management team
The Swiss-based Principal Investigator (PI) and Co-PI were responsible for

the international oversight of all three trials, while additional local Co-PIs

were responsible for the individual country requirements. Swiss-based

PhD students worked as trial site coordinators during trial screening, enrol-

ment, treatment and follow-up with the help of the respective local Co-PI,

who was responsible for recruiting and coordinating local staff (e.g. labora-

tory technicians). We collaborated with the following three institutions: the

Centre Suisse de Recherches Scientifiques (CSRS) en Côte d’Ivoire based

in Abidjan, the Lao Tropical and Public Health Institute (Lao TPHI),

located in the capital Vientiane and the Public Health Laboratory-Ivo de

Carneri (PHL-IdC) in Chake Chake, Pemba.

2.3 Reviewing process and ethical approvals
Essential study documents (i.e. protocol, case report form (CRF), informed

consent form (ICF)) for each country were developed in collaboration with

the local Co-PIs and first reviewed by the health research desk of Swiss

Tropical and Public Health Institute. Ethical approval was sought in each

study country and in Switzerland. In Côte d’Ivoire and Lao PDR, essential
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clinical trial documents (e.g. ICF) needed to be submitted in both English

and the respective national languages (i.e. French and Lao, respectively).

Moreover, in Côte d’Ivoire all clinical trials have to be approved by a drug

regulatory authority, the Direction de la Pharmacie, du M�edicament et des

Laboratoires (DPML, meanwhile integrated into the “Autorit�e Ivoirienne

de R�egulation Pharmaceutique (AIRP)). The ethical approval period of

each study country was one year and needed prolongation to account for

the long follow-up period of this trial.

2.4 Study area and population
2.4.1 Pemba Island, Tanzania
Pemba Island, part of the Zanzibar Archipelago, is located in Tanzania in

East Africa. As Pemba Island is still highly endemic for STH infections, study

communities were selected based on prevalence and accessibility (Palmeirim

et al., 2018). The trial was conducted in the Shehia (lowest administrative

unit) of Pujini and Dodo, Chake Chake district, South Pemba (Fig. 1A).

The study area was located 10km away from the trial field coordination

office and the laboratory at the PHL-IdC. School-based MDA against lym-

phatic filariasis (LF) administering albendazole and ivermectin started in

2001 and was successfully stopped in 2015. The STH control programme

in Pemba foresees that inhabitants receive MDA two times a year (in schools

during spring, in communities during fall) since 1994. Due to the compar-

atively high STH prevalence in Pemba, participant recruitment was done

without any pre-selection, except of the appointed villages by the two

Shehas (community leader). Oral permission to perform the survey in the

village was obtained by the two Shehas, before the formal community infor-

mation session and before any households were visited.

2.4.2 Côte d’Ivoire
T. trichiura infection has been found to be very focally distributed in Côte

d’Ivoire and STH infections, in general, have decreased substantially over

the past decade mostly attributed to ongoing MDA since 2012, which has

recently been integrated into a national neglected tropical diseases targeted

through preventive chemotherapy control programme (Yapi et al., 2016).

MDA at school level is usually done with benzimidazoles (i.e. albendazole

or mebendazole) against STH infections while communities may receive

albendazole co-administered with ivermectin against LF. High infection

rates for T. trichiura were expected to be found in the Dabou and

Jacqueville districts, Lagunes region, southern Côte d’Ivoire as identified
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from previous epidemiological surveys (Karagiannis-Voules et al., 2015;

Yapi et al., 2016) (Fig. 1B). In view of high focality of T. trichiura distri-

bution in this setting, a pre-screening among a subsample of 40–60 school-
aged children of each locality not exceeding a total population of 2400

people in each of the two districts was conducted to identify eligible study

communities. The field laboratory for processing of all biological samples

(i.e. stool and blood) was at the Methodist hospital in Dabou. The trial

areas were up to 90km away from the field laboratory and, in some

instances, involved crossing small bodies of water.

2.4.3 Lao PDR
Since 2006, the national programme for STH control in Lao PDR foresees

bi-annual MDA with mebendazole in school- and preschool-aged children

Fig. 1 Map of each trial setting, showing all (pre-) screening areas with at least 100 eggs
per gram of stool (EPG) (red pie chart sectors).
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in the months of March and October. Considering earlier studies that

have shown higher STH infection rates in the northern part of Lao PDR

(Laymanivong et al., 2014) and earlier collaboration with local health insti-

tutions of the area, the Nam Bak district in Luang Prabang Province was

selected as study site (Fig. 1C). All of the included villages were within a

range of approx. 30km around the field laboratory base at Nam Bak district

hospital; however, four of the most northern villages were only accessible

during dry weather periods due to poor road conditions. The epidemiolog-

ical dynamics for each STH species in the area was not known prior to trial

implementation. Therefore, we applied a parallel pre-screening and screen-

ing approach, where screening would immediately commence if a village

met a minimal infection rate of 10% for T. trichiura.

2.5 Community information and mobilisation
Before trial initiation, district health authorities and local village authorities

were informed about the aims of the trial and approval was sought to work in

the respective health system institutions and communities. Inhabitants of

the villages were invited to attend information sessions held in a central place

of each community (e.g. community centre, school, health dispensary) to

explain risks and benefits of the study and to reply to questions and concerns

of the local population. Local staff, i.e. community health workers (CHWs)

in Côte d’Ivoire, community authority members in Lao PDR and field

workers from PHL-IdC closely related to the local population in Pemba,

assisted in identification of household members for the census and

mobilisation of the study population with regard to stool sample collection

as well as attendance of clinical exam and treatment days.

Written informed consent was collected from all participants (�21 years

in Côte d’Ivoire,�18 years in Lao PDR and Pemba Island) or guardians for

children and adolescents (< 21 years in Côte d’Ivoire and< 18 in Lao PDR/

Pemba Island respectively) before enrolment. Children gave either verbal

(Lao PDR and Pemba Island) or written assent (Côte d’Ivoire). A unique

study identification number was issued and a duplicate consent form was

given to the participants.

The concept of providing financial compensation for participation is

controversial and a challenging balancing act. A major concern is that this

practice could hinder future research with less funding possibilities

(Mbuagbaw et al., 2011). Indeed, one planned trial country had to be

excluded from the current project due to unaffordable expected partici-

pant compensations most likely related to prior conduct of RCTs by
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industrial entities providing high monetary compensation in the respec-

tive country. We provided an alternative form of incentive by offering

food on treatment days and small gifts (pencils, pens, school kits, soap

or oil) after the 24 hour adverse events (AEs) capturing. These gifts were

mainly sponsored by Swiss companies or paid through project funds. All

trial participants could further profit from a clinical examination and all

people screened (even if not included in the trial) found positive for

any helminth infection received anthelminthic treatment free of charge.

2.6 Data collection
Census data, enrolment data, parasitological data and rapid test data were

entered manually in EpiInfo 3.5.4 or Microsoft Excel 2016 during screening

by two members of the trial team. All paper-based data was scanned and sent

to Switzerland where data of the two entries was matched and cross-checked

by a PhD student after every time point (baseline, 14�21 days, 6 months,

12 months). The only exception being the household questionnaire admin-

istered in Côte d’Ivoire and Lao PDR, which was conducted in Open Data

Kit (ODK) on tablets and subsequently transferred and saved on a server

while connected to the internet. All original data was scanned and then

stored safely in the collaborating Institute.

3. Results and discussion

3.1 Planning
Intense planning is particularly crucial in resource-limited settings and

responsibilities should be shared between collaborators from the beginning

of protocol development to identify available resources and team strengths as

well as to anticipate potential risks.

The trial management team developed all forms, logs, master files, the

handling of the intervention product, the staff training, database develop-

ment and the schedule. Developing and validating essential study documents

across all study sites to harmonize procedures are of major importance as

noted in Becker et al. (2016).

Ethical and regulatory approval are mandatory for trial initiation and are

thus critical components of trial project plans and schedules. We have faced

several issues leading to delay in trial implementation. The ethical board of

Lao PDR had to shift their meetings for several months due to nationwide

flooding in 2018. In Côte d’Ivoire, initial ethical approval was quickly
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obtained, while regulatory approval was delayed for a year due to requested

major protocol revisions requiring resubmission of all trial documents again

to both institutions.

While ethical and regulatory approval delays are not uncommon during

the planning phase of clinical trials, delays during trial implementation can be

avoided with proper planning and should not be overlooked. Due to the

COVID-19 pandemic, only remote supervision and limited field activities

were possible for the 12 months follow-up in Lao PDR. We recommend a

risk mitigation plan that includes uncontrollable risks such as accidents, nat-

ural disasters, insecurity, political unrest or pandemics as well as those that are

controllable to identify the essential tasks for trial success.

Data collection tools, especially electronic ones, should be considered at

an early planning stage to allow for timely preparation of files and devices

needed for implementation. In Lao PDR, limited preparation time led to

failure in setting up a tablet-based collection system. This led to delays in

data access due to limited availability of staff and computers for manual data

entry. Electronic data collection in resource-limited settings must meet all

trial regulatory guidelines and should be low cost, operational with poor

internet connection and have an easily understandable interface allowing

for language adaptation. Finally, we strongly advise to consider the local lan-

guages and dialects during the planning phase and to employ trial staff able to

communicate with community members.

3.2 Human resources and trial staff training
Finding qualified research personnel, who are knowledgeable and familiar

with stool and/or blood sampling and diagnosis as well as clinical trial

management, was a challenge within the limited recruitment pool. Most

members of the team in each country had a primary role and set of respon-

sibilities, but usually had at least a secondary or tertiary role as well through

the different phases of the trial; therefore, refresher trainings to harmonize

procedures with an emphasis on flexibility and cross-training proved to

be of high importance. Additionally, it remained an ambitious goal to fully

comply with GCP and Good Clinical Laboratory Practice (GLP) which was

also reported by Becker et al. (2016), suggesting the implementation of a

quality assurance system consisting of internal and external quality control

activities across all settings (Becker et al., 2016). New members needed to

be trained and incorporated into the scheme, which was an internal chal-

lenge. Staff were often hired temporarily and could be potentially hired
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for another overlapping project. In Côte d’Ivoire, institutional guidelines

limit contracted employment to onemonth adding additional administrative

work for re-contracting the same team staff and more opportunities for

turnover leading to a lengthened trial schedule.

3.3 Communication, community sensitisation and consenting
Information sessions were organised with the help of community leaders and

thus critical to the compliance of study participants. Information and dissem-

ination sessions, the latter targeting village heads and district authorities,

were held at several time points prior to essential trial phases, such as clinical

exam and treatment days, to keep participation motivation high and to con-

front misinformation about the trial conduct and sample processing. The

importance of a proactive mobilisation approach for successful recruitment

has already been emphasised (N’Goran et al., 2019). Yet, in Lao PDR infor-

mation sessions addressed to the whole population prior to screening was

not an option and communication followed a hierarchical approach via

the village heads. Consequently, we faced the biggest issues in terms of

mobilisation in Lao PDR; during the screening phase as well as during sub-

sequent clinical examination, treatment and follow-up assessments. In this

setting, exchange between the trial management team and the study pop-

ulation was complicated as most members of the community were unable

to speak with any member of the trial staff due to differing dialects. In turn,

few members of the trial staff spoke English which hampered communica-

tion with the trial management team. To mitigate the language barriers,

bilingual documentation in English and Lao were developed and local staff

were employed for information sessions and community mobilisation.

Trial participants in all settings were not familiar with the concepts of

clinical research making it challenging for participants to fully understand

the purpose of the clinical trial before signing the ICF. The option of feed-

back (i.e. dispersion of medical results) to the population should be foreseen

in the protocol and ICF and thus be communicated to the study population

before enrolment.

Meeting GCP conditions for impartial witnesses for illiterates and

guaranteeing voluntary participation of children remained challenging.

N’Goran et al. (2019) indicated similar challenges consenting potential par-

ticipants; especially obtaining consent and assent in paediatric participants

and finding an independent witness to co-sign the ICF in rural communities

have shown to be difficult and hamper the quality and success of the consent
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process (N’Goran et al., 2019). In Côte d’Ivoire, the relatively high age of

legal majority (21years) sometimes did not reflect the population’s concept

of majority and the perceived ability of young adults to consent indepen-

dently. However, in mid-2019 the country adapted and decreased the legal

age of majority to 18 years (Ouattara, 2019).

3.4 Participant recruitment adapted to each setting
Successful and timely recruitment of the intended number of eligible study

participants has been reported to be the most common challenge in RCTs

(Kasenda et al., 2014) affected by numerous factors, such as insufficient

engagement with the community, the complexity of consent procedures

(Adams et al., 2015; Bell-Syer et al., 2011) and the local endemicity.

For infectious diseases, the type of recruitment depends on the target path-

ogen or parasite. Non-hospital but community-based screening, as in our

case, in an area with a sufficiently large number of potential participants is

crucial for timely fulfilment of recruitment criteria. Recruitment strategy

depends on both the prevalence of the disease and the complexity of the

eligibility requirements of the clinical trial. For this trial, eligibility criteria

were more inclusive with regard to age range (outside of school-aged chil-

dren), yet more strict in terms of minimal infection intensities (i.e. 100

EPGs of T. trichiura). The 100 EPG cut-off was chosen to avoid including

participants with very light infections as they are more likely to yield false-

negative test results in particular by microscopy. The effect of the minimal

EPG criterion on recruitment is depicted in Fig. 2. Successful recruitment

of study participants showed substantial heterogeneity across countries,

which concurs well with a multi-country study by Becker et al. (2016).

Recruitment was completed within six, 12 and 19 weeks on Pemba

Island, Lao PDR and Côte d’Ivoire respectively. The recruitment proce-

dure in Côte d’Ivoire was stopped after 19 weeks having identified 567

individuals based on infection and age recruitment criteria. Moreover, slow

pace of inclusion of eligible participants cause considerably higher costs

including the need for trial extensions which has also been mentioned in

a review by Watson and Torgerson (2006).

We conducted three different screening approaches in the three settings,

which best matched local prevalence rates and study site accessibility.

Screening and treatment should be timed to avoid yearly school exam

periods and rainy seasons in each setting. All three approaches and invested

sampling efforts are further summarized in Table 1.
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Fig. 2 Cumulative recruitment rates by country. EPG, eggs per gram of stool; TT, Trichuris
trichiura.
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Table 1 Setting-specific recruitment approaches and sampling efforts for the ivermectin-albendazole co-administration phase III trial.

Trial site
Chake Chake district,
Pemba Island, Tanzania

Dabou and Jacqueville districts, Lagunes
region, Côte d’Ivoire

Nambak district, Luang Prabang province,
Lao PDR

STH risk profile (observed

community prevalence range)

T. trichiura:

high risk (69.0–95.7%)
T. trichiura:

low to high risk (0.0–90.4%)
T. trichiura:

low to high risk (0.0–77.1%)

A. lumbricoides:

low to moderate risk

(0.0–46.4%)

A. lumbricoides:

low to high risk (0.0–69.2%)
A. lumbricoides:

low to moderate risk (0.0–46.9%)

Hookworm:

low to moderate risk

(4.8–42.0%)

Hookworm:

low risk (0.0–19.6%)
Hookworm:

moderate to high risk (22.2–96.2%)

Degree of focality low

(10/10 qualifying

communities)

high

(13/81 qualifying communities)

moderate

(10/18 qualifying communities)

Other helminth species none/neglectable Schistosoma mansoni (0.0–5.1%),
Hymenolepis sppa (0.0–2.4%), Enterobius
vermicularis (0.0–0.3%)

Strongyloides stercoralisa (5.4–16.9%), Opisthorchis

viverrini (0.0–67.6%), Taenia spp. (0.0–13.3%),
Enterobius vermicularis (0.0–7.2%), Hymenolepis

nana (0.0–0.5%)

No. of communities screenedb 10 81 18

No. of communities included 10 13 10

Continued
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Table 1 Setting-specific recruitment approaches and sampling efforts for the ivermectin-albendazole co-administration phase III trial.—cont’d

Trial site
Chake Chake district,
Pemba Island, Tanzania

Dabou and Jacqueville districts, Lagunes
region, Côte d’Ivoire

Nambak district, Luang Prabang province,
Lao PDR

No. of population screenedb 1210 8058 2870

No. of identified qualifying

casesc
683 567 638

Elapsed time for recruitment

(days)

40 133 83

Approach Direct screening of

communities without

pre-selection

Prior pre-screening of all communities

not exceeding a population of 2400

people in two districts

Subsequent screening and recruitment

in all communities with a minimum

prevalence of�10% 100 EPGT. trichiura

infections and/or a fair (>10%) overall

prevalence (irrespective of egg counts)

and situated on a strategic axis

Continuous identification of potential trial

communities through pre-screening of a subset

of approximately 50 individuals/community in

parallel to ongoing screening and recruitment of

individuals from communities already qualifying

for inclusion (minimum prevalence of �10%

100 EPG T. trichiura infections)

aOnly assessed in included communities.
bNumbers include the pre-screening (in Côte d’Ivoire and Lao PDR only).
cBased on 100 EPG and 2/4 positive Kato-Katz slides, aged 6–60 years and excluding potential duplicates.
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3.4.1 Pemba Island (universal high T. trichiura endemicity)
The field staff started randomly in a household in one village and used a

snowball approach, visiting all potential neighbours in this given commu-

nity. Empty houses or households with missing family members were

followed up for one week to collect complete datasets within one participant

(two faecal samples) or within one household (including adult male partic-

ipants, which were more often absent during sampling hours). Compliance

was generally high, with an exception of some remote villages with general

reluctance towards modern medicine including diagnosis and treatment of

health conditions for which local beliefs and practices existed. Some of the

villages were already familiar with research having had previous collabora-

tions with the PHL-IdC laboratory, which was an advantage for the success-

ful mobilisation of the communities. The trial management team made the

decision to offer further information sessions with people who missed the

previous sessions. Using this approach, all 683 eligible participants were

enroled within 40 days.

3.4.2 Côte d’Ivoire (low T. trichiura endemicity with sporadic hotspots)
As stated before, due to the expected low prevalence, a pre-screening was

conducted, including a simplified consenting (for pre-screening activities

only) in two districts prior to enrolment. Separation of consenting into

pre-screening (facilitated consent only involving single stool sample analysis)

and actual trial participation was indispensable in view of the sheer amount

of places to visit and subjects to pre-screen. Data was collected from 42 vil-

lages in the Jacqueville health district and 39 villages of the Dabou health

district for pre-screening (Fig. 1B). In order to save time, pre-screening

should be done geographically from the most remote villages to the closest

ones. After pre-screening efforts were completed, a census was conducted

in 21 villages. Out of these 21 villages, 15 villages had a minimum preva-

lence of �10% 100 EPG T. trichiura infections, 13 of which were included

in the trial. Estimates of prevalence tended to be 5–10% higher during pre-

screening than observed during baseline screening most likely due to aver-

age age of pre-screened individuals being lower than the trial population.

About 20–40% of individuals in the census refused to donate samples.

Furthermore, the numbers of effectively included cases were 50–70% lower

than predicted estimates of eligible cases largely due to a lack of

mobilisation. As screening progressed, it became apparent that the less

engaged a CHW would be in the project, the more likely community

members were to refuse participation in the trial.
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ARTICLE IN PRESS

157



Recruitment in specific villages was hindered by unexpected events such

as an ambush of a trial vehicle on route back to the field laboratory, political

conflicts within villages leading to temporarily blocked access, or intentional

omission of screening activities in whole neighbourhoods by CHWs. The

field team reacted accordingly to guarantee security of the team by adapting

travel times/routes and regularly communicating with local community

representatives.

3.4.3 Lao PDR (focal T. trichiura endemicity)
In Lao PDR the prevalence forT. trichiurawas low and its precise geographic

distribution unknown; therefore, it was decided to conduct a pre-screening

step before including the villages in the trial. Consenting and census regis-

tration was done with approximately 50–100 people per village who were

then asked to provide a first stool sample. The number of detectedT. trichiura

positive pre-screening samples was used as an estimate for the actual overall

prevalence. The pre-screened village was included if approximately 10% or

more of sampled inhabitants had a T. trichiura egg count of at least 100 EPG.

In the case of village inclusion, second stool samples were collected from

the people who had already provided a sample at pre-screening. Furthermore,

consenting and census registration were expanded to the remaining commu-

nity members and two stool samples requested. This procedure was done in

parallel to ongoing recruitment and screening of individuals from villages

already qualifying for inclusion.

Compliance was, depending on the village, relatively low and collecting

samples was time-intensive. Possible reasons for this could be that there was

no information session held at the beginning of screening and most villages

were very remote and not easily accessible due to poor road conditions.

Furthermore, most community members were farm-workers who left for

the forest or the fields very early in the morning and only returned late in

the afternoon, making consenting, census recording and especially sample

collection almost impossible. As a strategy to increase the number of samples

collected, samples were aggregated in large deposit bags available to commu-

nity members in convenient places and then collected by a community rep-

resentative to either be dropped off to or picked up by a team member. This

lack of direct access to community members, coupled with previously

described language barriers, made responding to poor compliance exceed-

ingly challenging and time-intensive.

16 Ladina Keller et al.
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3.5 Biological sample collection
Proper labelling and listing procedures for processing was of great importance

and begins with the distribution of stool collection containers. From the

beginning of sample collection, clear labelling, coloured stickers, and marked

containers can prevent mix-ups and low sample volumes by ensuring that

participants understand the sample collection process. We advise recording

unique patient identification numbers for samples once in the field upon col-

lection and again upon the sample’s arrival in the laboratory to minimize any

mistakes during the subsequent stool analysis.

Sample storage and transport needs to be part of the logistic and financial

planning of the trial, as we learned when frozen stool samples needed to be

stored and transported to Switzerland. Reluctance to provide stool due to

existing taboos or shame in the study population, can present a problem

(Akpabio and Takara, 2014). For discretion, opaque paper or plastic bags

and non-transparent stool containers were used to ensure participant

comfort.

Blood collection raised concerns in both Ivorian and Lao communities,

and needed enhanced sensitisation to limit participant attrition. In Côte

d’Ivoire, where the analysis of blood parameters prior to treatment is a

required safety measure put forth by the DPML, we had anticipated potential

fears of the population from earlier experiences and other RCTs conducted

in the country (N’Goran et al., 2019). Nevertheless, we faced issues such as

the occurrence of rumours about the usage of blood samples for other than

scientific reasons and health problems causing inability to work for a pro-

longed time after blood collection. This led to some participants staying away

from clinical examination days or follow-up assessments. The rumours were

thoroughly examined and addressed in collaboration with local health

workers and authorities. Providing interim results on analysed blood param-

eters in Côte d’Ivoire and Lao PDR to trial participants who gave venous

blood proved to be acknowledged by the study population and may partially

enhance motivation to provide samples and remain in the trial. Furthermore,

providing feedback on medical results to the trial participants may decrease

misinformation about sample processing and use as faced in both countries.

3.6 Treatment procedure
Overall, treatment procedures should be tailored to each setting. Invitation of

trial participants for enrolment can be done using a written invitation/card

17Clinical trial conduct: Anticipation and preparedness
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(Pemba/Côte d’Ivoire) or verbally with the help of a community leader

(Lao PDR). Clinical examination and treatment day schedules can also

vary. A straightforward approach (having been successful in previous trials)

was done on Pemba, where clinical examination and treatment was done on

the same day. In contrast, clinical examination and treatment days were sep-

arate in Côte d’Ivoire and Lao PDR. The major drivers of choice in treat-

ment schedule are the composition of tests to be completed and analysed

before treatment day and the proximity of villages to each other and to

the field laboratory.

Treatment procedures must also meet the requirements of participants.

A central location with suitable, covered spaces and ample seating should be

chosen and transportation assistance offered to those living in the most

remote areas. A small snack and materials for entertainment during waiting

periods should be offered to participants to enhance compliance. Cultural

sensitivity should be respected during all treatment procedures; for example,

subscapular skinfold thickness during our trial was measured only by women

since clothing had to be partially removed. Furthermore, individuals who

are excluded (e.g. pregnant women) should not only be given and/or

referred to appropriate care, but have their exclusion discussed with discre-

tion with qualified physicians.

To prevent mix-ups and mistakes, similar to laboratory procedures,

extensive training of personnel and proper labelling and listing should be

used. A system of checks and balances (either built into the CRF or through

personnel) can help reduce mistakes during the most critical part of any clin-

ical trial: treatment administration.

A successful treatment procedure is not only the critical moment in the

trial schedule for outcomes, but can also have lasting effects on subsequent

follow-up time points, as this is the first prolonged shared experience

between the trial team and participants.

4. Conclusion and recommendations

After more than three years of planning and implementing a RCT that

involved more than 150 team members (not counting all local helpers from

the communities) from four countries, we have constructed the most useful

strategies to mitigate identified risks (Table 2).

Case recruitment is key for trial success and the main cost driver.

Involvement and training of local assistance directly in the communities is

18 Ladina Keller et al.
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Table 2 Major risks faced, strategies put forth and lessons learned during the conduct of themulti-country ivermectin-albendazole co-administration phase
III trial.
Risk Trial aspect Strategies/Lesson learned

Low data quality Data quality – Invest in capacity building: adequate and repeated training for trial staff (GCP/GCLP training)

– Introduce quality control tasks/measures (e.g. repeated diagnostics of subsample, matching of field lists,

development of data entry masks/quality checks)

– Include every single trial team member into the quality assurance task, which may be against routine

working procedures that are driven by hierarchical systems and thus needs re-education and

encouragement of lower grade members

– Proper sample labelling, listing and processing, e.g. use of workflow charts (bench aids), organising of

samples

Lack of GCP

conformity

(including GCLP)

under real world

conditions

Data quality – Consider separate consents for (pre-) screening and for actual trial participation to facilitate the

consenting process

– Invest in good and locally adapted SOPs and bench aids that are appreciated and used by the team

– GCP compliant electronic file sharing and archiving remains an issue in areas with poor internet

connection; safe scanning apps for portable devices may help

Poor trial

management

(timelines,

communication,

task definition)

Planning/

Anticipation

– Every aspect of trial procedure should be in collaboration with a local collaborator, who should ideally

be a Co-PI of the trial (e.g. preparation of essential trial documents, establishment of trial schedules

for each phase)

– Local collaborators are crucial, not only for insights on cultural aspects and as bridge builders

between communities and researchers, but also for logistic and final planning when screening

procedures are complex

– New communication tools and media (e.g. Whatsapp group chats, Zoom) are useful to keep every trial

team member updated, foster team spirit, allow for training by distance in difficult circumstances that do

not allow for physical presence of supervisors and are less prone to misunderstandings due to option of

visual and not exclusively written exchange

– Vital exchange between local research institution (local Co-PI) and regulatory authority

Continued
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Table 2 Major risks faced, strategies put forth and lessons learned during the conduct of themulti-country ivermectin-albendazole co-administration phase
III trial.—cont’d
Risk Trial aspect Strategies/Lesson learned

Low endemicity/

prolonged case

detection phase

Recruitment – Do a pre-screening if there is an unknown, sporadic, or focal distribution of the disease in your trial setting

and decide if it can be done in parallel to screening or if needed upfront at a larger scale

– Start pre-screening from the most remote village to the closest one

– Keep in mind how eligibility criteria may prolong recruitment (e.g. 100 EPG criteria)

Low compliance/low

mobilisation rates/loss

to follow-up

Recruitment – To facilitate trust-building and acceptance of the study, identification of opinion leaders (e.g village chiefs,

health workers, healers) of communities through long-established networks is needed prior to recruitment

– Team members with knowledge of the local population and languages for sample collection and tracking

of missing trial participants should be included

– Door-to-door approach is preferable for community-based trials

– Quickly identify source of low mobilization: (i) if refusal/low compliance is the source, invest in repeated

sensitisation campaigns to explain the study, (ii) if inaccessibility of the population is the problem, adapt the

sampling scheme (change collectors, visiting hours or collecting points)

– Address taboos and social determinants of specimen collection by working with local staff, ensuring

culturally sensitive trial procedures and repeated sensitisations

– Trial participation cards (i) provide the sense of being part of a bigger project, (ii) enhance commitment of

trial participants, (iii) facilitate identification of individuals during assessment activities, (iv) might be used

to provide interim medical feedback

Uncontrollable risks

(accidents, natural

disasters, insecurity,

political unrest,

pandemic)

Planning/

Anticipation

– Prepare a schedule that key trial outputs for success will not be completely lost with a 1–2month schedule

shift (e.g. pandemic)

– Try to establish multilingual, electronic training and essential trial documents when possible

– Consider climatic seasonality and resulting obstacles to fieldwork, especially while planning

– Adapt movements according to guidance of local partners
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substantial to successful mobilisation and continued adherence. A major

challenge was the communication between the various players involved,

which is in line with the findings of Allotey et al. (2010). Roles and respon-

sibilities of every trial member may differ between each country, due to the

existing systems that are in place locally (e.g. polyvalent students in Lao PDR

vs highly specialised field technicians in Côte d’Ivoire) should be defined

prior to trial initiation.

GCP guidelines provide an essential standard for data quality and protec-

tion of participants within RCTs. Conformity of GCP with real world con-

ditions in developing countries is demanding, yet investment in capacity

building of collaborating teams and institutions together with repeated train-

ing and insisting on most important principles (e.g. consenting) pays off.

GCP guidelines are under constant improvement; however, we call for

more flexible interpretation and adaption to low resource environments

for practical guidance in the conduct of clinical research in these settings.
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Chapter 10 General discussion 

10.1 Rationale and objectives 

More than half of the world’s population lives in areas endemic for soil-transmitted helminths 

(STHs) and 447, 289 and 229 million individuals were infected with A. lumbricoides, T. trichiura 

and hookworm, respectively, in 2017 [1]. Preventive chemotherapy (PC) with single dose 

benzimidazoles (i.e., albendazole and mebendazole) is the cornerstone of STH control put 

forth by the World Health Organization (WHO) to reduce the burden associated with moderate 

and heavy STH infections [2]. However, the success of PC is hampered by (i) the low efficacy 

profile, particularly against T. trichiura, (ii) rapid reinfections post-treatment, (iii) the difficulty 

delivering PC to all individuals at-risk of infection (pre-school aged children (pre-SAC) and 

women of reproductive age (WRA)) and (iv) potential anthelmintic resistance (AR) that all 

together hinder sustainable STH control towards elimination. Therefore, discovery and 

development of improved treatment options (e.g., drug combinations) against soil-transmitted 

helminthiasis is of pivotal importance to further tackle the vicious cycle of recurring and long-

lasting STH infections, poverty and low quality of life.  

The core of this PhD project consists of two randomized controlled trials (RCTs) on the efficacy 

(in terms of cure rates (CRs) and egg reduction rates (ERRs)) and safety of the drugs 

moxidectin and ivermectin in combination with albendazole. Both trials were conducted on 

Pemba Island, the smaller of the two major Islands of Zanzibar, belonging to the United 

Republic of Tanzania. Although all three major STHs are still highly prevalent on Pemba Island, 

we placed particular emphasis on T. trichiura infections, as none of the currently used 

anthelmintic drugs shows sufficient efficacy against this helminth species [3].  

Moxidectin is an anthelmintic drug widely used in companion and production animals that was 

recently approved by the United States Food and Drug Administration (FDA) for human use 

against onchocerciasis. Hence, the first objective of this PhD project was to investigate 

potential trichuricidal activity using ascending doses of moxidectin alone and in combination 

with albendazole in adolescents (chapter 3).  
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Another broad-spectrum antiparasitic drug used in veterinary medicine is ivermectin, which 

was recently included in the WHO Model List of Essential Medicines for treating intestinal 

helminths [4]. However, when combined with albendazole, findings reported inconsistent 

efficacy results that are based on a limited number of studies [5]. Therefore, the second 

objective of this PhD was to evaluate the short and long-term outcomes 14-21 days, six and 

12 months post-treatment of ivermectin-albendazole versus albendazole alone against T. 

trichiura infections in children and adults in three endemic countries (chapter 4-6).  

Sensitive, reliable and field-applicable diagnostic methods have become indispensable for 

successful STH control. The duplicate Kato-Katz technique was developed more than half a 

decade ago and remains the sole technique recommended by WHO for the detection of STH 

eggs in fecal samples [6]. However, this method is limited by its low sensitivity for light STH 

infections [7-9], making it less valuable in efficacy studies or in low transmission settings when 

control efforts move towards elimination. Promising molecular diagnostic tools have been 

developed for diagnosis in helminthology within the past years. The third objective included 

the comparison of the performance of the Kato-Katz technique versus the quantitative 

polymerase chain reaction (qPCR) method. We assessed the impact of the diagnostic 

technique on treatment efficacy and day-to-day variation by analyzing two stool samples 

before and after treatment (chapter 7).  

Even though the present goal of global control programs recommended by WHO is to reduce 

worm burden associated morbidity with PC in at-risk populations [2], point-of care-tools to 

directly quantify the burden of disease, in particular after anthelmintic treatment, have not been 

focused on so far. Therefore, the fourth objective was to test Fecal Calprotectin (FC) and 

Fecal Occult Blood (FOB) as potential surrogate markers for STH attributable morbidity as a 

tool to monitor the impact of community-level deworming (chapter 8). 

Finally, as there is limited scientific literature on trial methodology, trial procedures and 

mitigation strategies on clinical research taking place in resource-constrained healthcare 

environments, the fifth objective was to report on the lessons learned and to propose 
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strategies to overcome challenges we faced during the multi-country study on ivermectin-

albendazole (chapter 9). 

In this last section of the thesis, I aim to address specific issues and future research needs I 

have not discussed in detail before and to place them in a broader context to advance helminth 

control and elimination.  

 

10.2 Future large-scale deworming in a broader context 

Preventive chemotherapy has been the core intervention for reducing morbidity and 

transmission of STH infections since the World Health Assembly (WHA) passed the landmark 

WHA 54.19 resolution 20 years ago [10]. Likewise, within the past decade, an increase of PC 

implementation, mainly due to extensive political and financial support, has occurred [11]. The 

primary goal of this control approach is to reduce morbidity by decreasing infection intensities 

and to ultimately eliminate STH infections as a public health problem. This is defined as the 

decrease of prevalence of moderate and heavy infection intensities to below 2% as assessed 

in pre-SAC and school-aged children (SAC) by 2030 [2]. In theory, the aim is to lower the worm 

burden to a level below the threshold, under which sexual reproduction becomes limited [12]. 

This is based on the fact that a female worm needs to be fertilized by a male partner in order 

to produce viable infective stages [13]. Ecological analyses of STH elimination strategies 

expect a transmission breakpoint at very low prevalence, below which transmission will 

stagnate and human cases will go down to zero [14]. However, the success of morbidity control 

using large-scale deworming depends on several factors such as (i) drug efficacy, (ii) the 

proportion of contaminated environment (i.e., soil) including the lifespan of infectious stages in 

the environment, (iii) the rate of introducing new infective stages into a transmission milieu, (iv) 

coverage and compliance (proportion of total population ingesting the medicines) and (v) the 

quality and quantity of sanitation facilities [15]. Thus, improvements of all the aforementioned 

factors are needed to further advance STH control towards elimination.  

The results of this PhD thesis may have considerable impact on future PC recommendations; 

therefore, I am eager to look ahead and to discuss potential considerations for successful 
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continuation of mass drug administration (MDA) campaigns based on results obtained during 

this PhD project. 

 

10.2.1 Next steps for moxidectin and ivermectin 

Mathematical modelling by Turner et al. projected the elimination of T. trichiura to be infeasible 

in many endemic areas when using the current standalone treatments. The low efficacy of 

albendazole and mebendazole against T. trichiura generally limits the success of STH 

elimination programs, as residual T. trichiura infection may remain after A. lumbricoides and 

hookworm has been eliminated. Therefore, if the goal is to shift from morbidity control to 

transmission interruption, improved treatment options, particularly against T. trichiura 

infections, are urgently needed [16].  

In 2018, the FDA approved an 8 mg monodose of moxidectin for the human use against 

onchocerciasis in individuals aged 12 years and older. To date, moxidectin has been proven 

effective and safe in at least ten clinical studies in patients suffering from onchocerciasis [17]. 

At the dose recommended for onchocerciasis, other trials found moxidectin to be efficacious 

and safe against strongyloidiasis [18] and when combined with albendazole, to be efficacious 

against T. trichiura [19]. Hence, the first objective of this PhD project was to implement a 

regulatory compliant Phase II study to identify optimum dosage of moxidectin alone and in 

combination with albendazole against T. trichiura and concomitant STH infections, to add to 

the small body of evidence of moxidectin as an alternative anthelmintic drug. The combination 

of 8 mg moxidectin (the smallest dose tested) with 400 mg albendazole showed promising 

efficacy against T. trichiura (CR = 62.5%, ERR = 97.4%), paving the way for future studies. 

Below, I have identified seven steps that I believe need to take place to ultimately render 

moxidectin-albendazole as an attractive treatment alternative for future large-scale deworming. 

First, the use of moxidectin is currently only approved in individuals aged 12 years and above. 

Thus, there is no evidence on the safety and efficacy of moxidectin in pre-SAC and SAC, as 

well as pregnant or lactating women. As all these groups belong to the at-risk population, 

pediatric pharmacokinetics, dose-finding and safety studies are needed to expand labelling of 
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moxidectin. Recent model-based pharmacokinetic simulations of ivermectin in children 

showed that the pediatric dose should be increased to achieve the same equivalent exposure 

coverage as in adults [20]. This could also be the case for moxidectin and, therefore, similar 

simulations should be implemented to estimate the pharmacokinetic properties of moxidectin 

in children. Moreover, given the long half-life of moxidectin, women that could become 

pregnant might be at high risk of exposure after treatment. Therefore, adverse events 

associated with moxidectin exposure in pregnancy need to be carefully monitored and if 

possible, reported in a global pharmacovigilance system. To generally collect more safety data 

of moxidectin-albendazole, results from all upcoming studies could be pooled to estimate if 

moxidectin-albendazole cause more adverse events compared to monotherapies with 

benzimidazoles or the ivermectin-albendazole combination therapy. Second, the use of 

moxidectin against STH infections has only been tested on Pemba Island, Tanzania, so far. 

Therefore, studies on moxidectin against STHs should be implemented in distinct 

epidemiological contexts in order to test its efficacy in settings with potentially different worm 

strains than those that exist on Pemba Island. Third, it is known that moxidectin exhibits a long 

half-life (20-35 days [21]) but, to date, no study has followed up long-term post-treatment 

prevalence and infection intensities. Such efficacy studies, both short- and long-term, are 

currently implemented in Côte d’Ivoire and should be conducted or at least be complimented 

by a more sensitive diagnostic tool than Kato-Katz. Our findings from the ivermectin-

albendazole trial indicated significantly lower CRs for ivermectin-albendazole, when two fecal 

samples were assessed by qPCR post-treatment instead of Kato-Katz. This is likely to be the 

same for moxidectin. Hence, the most sensitive diagnostic methods at hand should be 

employed when assessing true efficacy of moxidectin-albendazole. Fourth, due to moxidectin’s 

long half-life, there might be a longer lasting treatment effect that may positively impact 

transmission intensity. Therefore, optimal frequency of regular or repeated moxidectin 

treatment should be evaluated in relation to the transmission profile in distinct epidemiological 

settings. This might require regulatory compliant Phase IIIb studies comparing the efficacy of 

annual versus biannual moxidectin treatment or even include a treatment arm with a repeated 
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dose of moxidectin. Fifth, given moxidectin’s microfilaricidal effect, it is likely to induce serious 

adverse events in individuals with high microfilarial densities of Loa loa, similar to ivermectin. 

Therefore, a Loa loa microfilarial density-escalating safety study is needed. Sixth, cost 

effectiveness studies that evaluate the potential added benefit of moxidectin in large-scale 

deworming campaigns including the cost-effectiveness of annual and biannual treatment must 

be determined. Seventh, potential drug donors and preferably local anthelmintic drug 

production facilities manufacturing single 8 mg moxidectin tablets should be identified.  

If all upcoming studies consistently demonstrate a promising performance of moxidectin-

albendazole, an expansion of the indication should follow. This would include drug authority 

approval (e.g., FDA, EMA), the addition to the WHO Model List of Essential Medicines and its 

registration in STH endemic countries. Should moxidectin be registered and donated, it should 

be distributed progressively and data should be reported within a national pharmacovigilance 

system that effectively monitor and report the safety of moxidectin-albendazole.  

In 2017, ivermectin was included in the WHO Model List of Essential Medicines for treating 

intestinal helminths [4]. A recent meta-analysis on the efficacy and safety of ivermectin-

albendazole combination therapy indicated higher efficacy against T. trichiura than either drug 

separately. However, the effect of this combination requires further testing in different 

epidemiological contexts [5]. In the multi-country study conducted as part of this PhD project, 

ivermectin-albendazole revealed superiority in terms of CRs and ERRs against T. trichiura 

infections in Lao People’s Democratic Republic (Lao PDR) and on Pemba Island, Tanzania. 

Likewise, long-term effects against T. trichiura based on extended CRs and ERRs of 

ivermectin-albendazole compared to albendazole-placebo were also significantly higher at six 

and at 12 months, when positive cases were retreated 6 months after initial treatment in both 

countries. Therefore, implementation of combined ivermectin-albendazole is a valuable and 

safe alternative treatment option, which could be key to overcome the drawbacks of the 

standard medications. However, five challenges need to be addressed before and partially 

during the ivermectin-albendazole implementation in large-scale deworming programs.  
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First, ivermectin is not recommended to be administered to children under 15 kg in weight or 

90 cm in height meaning pre-SAC are mostly ineligible for treatment with ivermectin. Likewise, 

pregnant or breastfeeding (in the first week after delivery) women are excluded from ivermectin 

treatment [4]. Therefore, new evidence on field-applicable solutions for safely dosing 

ivermectin to different populations are needed. Second, the optimal frequency of regular single 

dose treatment (annual versus bi-annual) or the repeated administration of ivermectin-

albendazole treatment needs to be evaluated in relation to the transmission profile in distinct 

epidemiological settings. Based on our long-term results, bi-annual treatment might be 

necessary to sustainably decrease transmission of STH infections, particularly in highly 

endemic settings. Third, individuals with concurrent high levels of Loa loa microfilaremia 

(>30’000 microfilariae/mL blood) are at risk of severe adverse events from ivermectin that may 

lead to permanent disability or death within a short period of time [22]. Therefore, potential 

settings for large-scale deworming need to be carefully evaluated to minimize the risk of 

adverse events due to heavy loiasis co-infection. Fourth, careful decisions on the costs 

(several MDA rounds a year), adapted to the epidemiological parasite profile in each setting, 

have to be made when planning and implementing future control strategies. Fifth, new 

manufacturers will need to be won to produce low cost ivermectin to meet the demands for 

STH control programs. A study by Turner et al. calculated that ivermectin-albendazole co-

administration is likely to shorten the timeframe of PC required for STH elimination, which could 

potentially lead to lower overall campaign expenses [16]. In addition, a recent Phase I clinical 

trial reported a fixed dose of ivermectin and albendazole co-formulation to be as safe as the 

standard dosage [23]. This merits further investigation, as the use of a single tablet is likely to 

simplify MDA processes and to reduce procurement costs remarkably. 

Further, upcoming guidelines by WHO on the use of ivermectin-albendazole against STH 

infections should, prior to implementation, consider each countries’ NTD landscape to 

elaborate potential collateral benefits from using ivermectin-albendazole. Because NTDs often 

share epidemiological characteristics, affect overlapping population groups and are treated by 

the same medications, regions affected by trichuriasis, strongyloidiasis, onchocerciasis, 
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lymphatic filariasis, scabies and impetigo would benefit from introduction or a broader 

application of combined ivermectin-albendazole [18, 24-27]. Likewise, recent evidence 

suggests that the endectocidic effect of ivermectin increases the mortality of Anopheles 

sp. mosquitoes that feed on people treated with a single oral dose, however, substantially 

higher doses of ivermectin are required to achieve this effect [28-30]. The integration of several 

diseases in one program may benefit from joint disease mapping and potentially yield a more 

efficient allocation of resources in order to effectively progress towards disease elimination as 

a public health problem [31].  

Nevertheless, since ivermectin-albendazole combination therapy was not found to be superior 

to albendazole monotherapy in Côte d’Ivoire (CRs ≤ 14%, arithmetic mean based ERRs ≤ 

22%), adequate monitoring is needed to evaluate potential variation in treatment responses by 

geographical setting.  

In conclusion, both drug combinations show a promising efficacy against all three major STH 

species, a good safety profile and are easy to administer. Therefore, they bear great potential 

for future use in large-scale deworming campaigns. A Phase III trial is currently ongoing on 

Pemba Island to directly compare the efficacy and safety of these two macrocyclic lactones in 

combination with albendazole. Regardless of this outcome, to delay potential resistance 

development to these substances, an alternating approach administering these two drug 

combinations will possibly be advantageous.  

 

10.2.2 Alternative drug candidates in the pipeline 

The scarce efforts in drug discovery and subsequent drug development of human 

anthelmintics within the last decades reflect the limited economic interest in commercial 

investments. An attractive and cost-effective fast track alternative to a target-based approach, 

which require extensive screening of different compounds, is the repurposing of available 

drugs, similar to the discovery of moxidectin and ivermectin.  

A viable alternative to the currently used drugs is oxantel pamoate, which is a pyrimidine 

derivative with trichuricidal activity ubiquitously used in veterinary medicine. The drug 
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selectively binds to acetylcholine receptor ion channels on nerve and muscle cells, which leads 

to subsequent paralysis of the nematode and, thus, belongs to the fast acting anthelmintics 

[32, 33]. Available studies report considerable variations of treatment efficacy against T. 

trichiura, with results reaching up to 100% (in terms of CR and ERR) [34]. However, oxantel 

pamoate is not efficacious against hookworm and, hence, a combination with a drug exhibiting 

anti-hookworm activity, such as pyrantel pamoate, would be necessary [35, 36]. Additionally, 

oxantel pamoate is only approved and marketed for human use in some South American and 

Asian countries. Therefore, registration of oxantel pamoate for STH infections at a stringent 

regulatory authority is desirable to expand its use to other endemic countries. 

Tribendimidine, another drug alternative, was the only drug that received approval for STH 

infection for human use in the past 30 years. However, it has so far only been approved in 

China in 2004 [37]. It is a nicotinic acetylcholine receptor agonist and its mechanism of action 

is similar to that of pyrantel, oxantel and levamisole [38]. Tribendimidine is considered a safe 

anthelmintic drug with activity against A. lumbricoides, hookworm and several liver flukes [37, 

39-41]. However, tribendimidine shows only low trichuricidal activity [39, 42] and, thus, a 

combination therapy (e.g., tribendimidine plus ivermectin) should be considered when tackling 

infections from all three STHs [36]. Moreover, due to its similar efficacy profile to albendazole, 

tribendimidine might be a good alternative treatment in long-term preventive chemotherapy-

based settings to reduce drug pressure and potential emergence of benzimidazole resistance 

[36].  

Particular interest is on emodepside, a semi-synthetic compound and a derivative of the 

fermentation product obtained from the fungus Mycelia sterilia. Emodepside belongs to the 

group of cyclooctadepsipeptides, a new class of anthelmintics that has not been used before, 

which is effective against isolates that are resistant to benzimidazoles, levamisole and 

ivermectin [43]. Emodepside demonstrated promising results in vitro against larval and adult 

stages of Trichuris muris, N. americanus and Ancylostoma ceylanicum, which were also 

confirmed in vivo [44]. Efficacy (in combination with praziquantel) was shown against a wide 

range of nematodes in rodents [45], canine whipworms, hookworms and ascarids [46] and 
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strongyles in horses [47]. The first in man clinical trial of emodepside testing safety, tolerability, 

and pharmacokinetics was successfully completed in 2017. Another Phase I study testing 

ascending single doses and a repeat dose regimen, including the comparison of different drug 

formulations was completed. Regulatory compliant Phase II clinical trials on the most 

efficacious and safe dose of emodepside against STH are currently under investigation to 

strengthen its potential as a human anthelmintic. 

 

10.2.3 The reinfection dilemma 

Together with the lack of effective protective immunity and the absence of water, sanitation 

and hygiene (WASH) improvements, reinfection occurs rapidly after treatment.  

A meta-analysis by Jia et al. found that reinfections occur quickly after treatment, in particular 

for A. lumbricoides and T. trichiura. Six months post-treatment, the prevalence reached or 

exceeded half of the initial prevalence for all three STHs, with the prevalence of A. lumbricoides 

and T. trichiura returning close to initial pre-treatment levels 12 months post-treatment. 

Evidence suggest that the risk of new infections is highest for pre-treatment positive 

individuals, while the initial infection intensity is also positively correlated with the rate and 

intensity of reinfection [48]. This might derive from the fact that heterogeneities in human 

susceptibility (i.e., genetic and immunologically mediated) and exposure to infection allow the 

worms to cluster in specific individuals [49].  

Of note, the term reinfection might be misleading as only apparent reinfections can be 

measured to date. Trichuris trichiura, for instance, resides in the cecum and the ascending 

colon with its posterior end protruding into the lumen, while the head is embedded in host 

epithelial cells. This could mean that drugs cannot reach parasites directly and might only 

paralyze some parts of the female worm that might recover over time.  

Nonetheless, if morbidity control should advance to transmission control (i.e., interrupt 

transmission of STH infections), several factors that may delay and ultimately avert rapid 

reinfection in specific individuals or areas, need to be considered.  
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The systemic exclusion of parts of the population from PC programs potentially undermine 

morbidity reduction in the short-term and elimination in the long-term. Pre-school aged children 

and WRA have been mostly excluded from MDA so far; however, both groups contribute to 

the persistence of STH transmission [50, 51]. As mentioned before, the WHO roadmap for 

2030 was adapted and, therefore, a higher PC coverage of these two groups is expected [2]. 

Once this is put in place, heavy infections will probably decrease which, in turn, will lead to 

less fecal contamination and STH transmission.  

In addition, the tendency of some individuals to repeatedly refuse or miss MDA (also known 

as systematic non-compliance) possibly leads to perpetuate transmission [52]. Hence, 

untreated highly infected community members may provide important reservoirs that sustain 

reinfection within the population [53, 54]. Therefore, it might become an essential task to tackle 

such micro-geographical transmission hotspots by micro-targeting specific interventions [54].  

Another strategy worth considering to reduce the rate of reinfections might be to plan MDA 

campaigns more effectively in terms of timing. Prevalence of STHs is affected by seasonal and 

climatic changes, particularly when these are crucial determinants of STH transmission [55, 

56]. Warm temperatures and moist weather are essential for the development of eggs and 

larvae in the soil. Higher humidity is associated with faster development of A. lumbricoides and 

T. trichiura eggs and rainfall generally supports egg and larval development as it facilitates the 

scattering of eggs and helps to maintain soil moisture [57, 58]. In contrast, eggs will rather 

desiccate than embryonate at low humidity and dry climatic conditions, resulting in a decline 

of transmission dynamics [55, 59-61]. Long-term studies are needed to further investigate 

seasonal effects on STH reinfection rates in order to appropriately plan and time deworming 

campaigns and to maximize cost-effectiveness of large-scale deworming programs.  

Further, shortening the time between deworming rounds may considerable limit the 

reestablishment of STH species [62]. Optimal treatment intervals should be calculated 

depending on coverage level, transmission setting, age groups and STH species [12]. Even 

though intervals of retreatment between six and 12 months are the most widely applied 

compromise between high impact and logistic feasibility, shorter treatment intervals might be 
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necessary to sustainably decrease the worm burden that ultimately leads to less environmental 

contamination, and hence, lower reinfection rates [63]. Several rounds of anthelmintic 

treatment a year might be needed when targeting A. lumbricoides or T. trichiura infections, 

while annual treatment might be appropriate when hookworm is the sole endemic species [64, 

65].  

An additional strategy to reduce fecal contamination is to consider the soil, which is the main 

environmental reservoir for STH eggs. Its contamination with STH eggs can considerably limit 

the ability of MDA campaigns and WASH improvements to interrupt the STH transmission 

cycle. Particularly areas where wastewater and sludge are commonly reused for agricultural 

purposes leave individuals at risk for STH infections and reinfections. In contrast to other 

microorganisms, STHs are difficult to inactivate in soil and wastewater as eggs are surrounded 

by a series of layers to protect the ova against harsh environmental conditions and strong 

chemicals [66]. However, little is known to date about the ecological determinants of STH 

transmission including the amount and distribution of viable helminth eggs in soil, raw 

wastewater, on hands, or in drinking water [67]. Newly developing environmental DNA systems 

(eDNA) that determine if a particular habitat contains a parasite or their ecological footprints, 

might be helpful to effectively detect STHs in specific ecotopes. Moreover, environmentally 

acting agents targeting the egg stage of STH species in the soil would be desirable to decrease 

the level of fecal contamination. Therefore, field-applicable techniques to measure STH ova in 

the environment and cost-effective tools or chemicals that inactivate STH eggs merit further 

development as they might become valuable adjunct environmental strategies to current MDA 

programs to help break transmission and reduce reinfections post-treatment.  

Due to the fact that STH infection are not a public health problem in settings with adequate 

hygiene and access to sound sanitation infrastructure, improvements of hygiene and sanitation 

standards are inevitably necessary to lower infection and reinfection levels [68, 69]. The 2030 

roadmap by WHO includes the aim of ensuring universal access to basic sanitation and 

hygiene by 2030 in STH endemic areas. This aim also comprises ending open defecation, 

increasing access to safely managed sanitation, safe disposal of child feces, shoe-wearing 
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and hand-washing [2]. Other simple and affordable complementary interventions normally not 

included in WASH campaigns should be considered as well; improved food hygiene, flooring 

and nail clipping in SAC have been shown to reduce transmission risk from soil contaminated 

with infective STH ova [70, 71].  

However, development of a vaccine or a pan-anthelmintic vaccine against soil-transmitted 

helminthiasis might be the sole long-term control strategy that is not threatened by perpetuated 

reinfection risks. Nonetheless, vaccine development is hampered by the multiple lifecycle 

stages each presenting specific antigens, the complex genomes and proteomes, and the lack 

of sophisticated immunological knowledge of the host-parasite interactions that complicate the 

identification of potential protective antigen candidates [72-74]. Despite increased research in 

STH vaccine development within the last decade, testing various potential candidates, no anti-

STH vaccine currently exists [74]. Controlled human infection models, as already successfully 

applied for other diseases (e.g., malaria), might not only speed up STH vaccine development, 

but also remarkably reduce the number of subjects required for testing [75]. 

In summary, reinfections occur rapidly where favorable ecological conditions converge with 

over-crowded living conditions, poor sanitation infrastructure, poverty and insufficient health 

education. Holistic, multifactorial and transdisciplinary STH interventions are needed to 

sustainably reduce environmental components that facilitate transmission and thus to 

ultimately avert rapid reinfections. Mathematical modelling will become necessary to determine 

the most effective interventions and to investigate their impact on the sustainable reduction of 

fecal contamination. 

 

10.2.4 Anthelmintic resistance – does it exist? 

Anthelmintic resistance is defined, according to Geary, as «the ability of parasites to survive 

drug doses that would normally kill parasites of the same species and stage» [76]. It generally 

arises due to extensive and repeated exposure of a pathogen to the selective pressure of a 

drug.  
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In livestock, frequent and rapid resistance to all three major anthelmintic classes 

(benzimidazoles, macrocyclic lactones and imidothiazoles-tetrahydropyrimidines) is 

widespread mostly due to large-scale use of the same anthelmintic drugs for decades [77]. 

Following that, possible development of AR in humans is of considerable interest due to 

upscaling of PC with albendazole and mebendazole since the 1990s. Resistance in human 

STHs would thereby majorly limit the ability to control soil-transmitted helminthiasis, as 

surviving parasites may pass on genetic variants making their offspring more resistant to the 

chemotherapeutic agent. Decreased drug efficacy is considered the first sign of AR 

development by veterinary parasitologists [78]. In fact, drug efficacy of both albendazole and 

mebendazole has decreased in the last two decades in human medicine [3]. On Pemba Island, 

several studies have assessed the efficacies of albendazole and mebendazole within the last 

30 years; however, results vary considerably between studies and between STH species 

(Table 3). This discrepancy might be due to the different diagnostic methods applied, varying 

drug quality, the wide age spectrum of the included population or the different time points at 

which post-treatment samples were collected. Nonetheless, there seems to be a slight 

decrease of CRs and ERRs of both benzimidazoles against T. trichiura over time, hence, 

suggesting a potential emergence of albendazole and mebendazole-resistant T. trichiura 

strains on Pemba Island. Several other studies in different settings have observed reduced 

efficacies of benzimidazoles, raising suspicions of AR emergence [79-84].  

 

 

 

 

180



Table 3a Cure rates (CRs) and egg reduction rates (ERRs) of albendazole from clinical trials implemented on Pemba Island, Tanzania. 

Year of study 
conduct 

Treatment 
Diagnostic 

method 
Follow-up 

Trichuris trichiura Ascaris lumbricoides Hookworm 
Ref 

CR ERR CR ERR CR ERR 

1992/93 ALB Kato-Katz 21-28 days 10.5 73.3 98.9 99.6 56.8 97.7 [85] 

2009 ALB McMaster 14-30 days 21.0 82.6 96.4 99.9 86.8 99.6 [86] 

2009 ALB Kato-Katz 14 days NA 55.6b NA 98.2b NA 96.3b [87] 

2009 ALB McMaster 14 days NA 50.8b NA 97.8b NA 95.1b [87] 

2009 ALB Kato-Katz 21 days 7.7 50.3 97.4 99.3 79 90.7 [88] 

2009 ALB McMaster 21 days 6.7 20.9 97.4 99.9 78.4 92.2 [88] 

2009 ALB FLOTAC 21 days 6.1 0.0 97.7 99.9 72.1 83.7 [88] 

2011 ALB Kato-Katz 21 days 14.5 45.6 100.0 NA 81.8 NA [89] 

2012 ALB Kato-Katz 18-23 days 2.6 45.0 92.0 99.9 59.8 96.3 [90] 

2019 ALB qPCR 14-21 days 5.3 NA 77.5 NA 66.7 NA [91] 

2019 ALB Kato-Katz 14-21 days 6.1 57.1 97.1 100.0 81.6 98.7 NAc 

 

Table 3b Cure rates (CRs) and egg reduction rates (ERRs) of mebendazole from clinical trials implemented on Pemba Island, Tanzania. 

Year of study  
conduct 

Treatment 
Diagnostic 

method 
Follow-up 

Trichuris trichiura Ascaris lumbricoides Hookworm 
Ref 

CR ERR CR ERR CR ERR 

1992/93 MEB Kato-Katz 21-28 days 14.2 81.6 97.8 99.3 22.4 82.4 [85] 

1994a MEB Kato-Katz 1 month 25.6 47 93.2 89.8 17.8 51.9 [92] 

1999 MEB Kato-Katz 21-24 days 22.9 81 96.5 99 7.6 52.1 [82] 

2000 MEB Kato-Katz 20-23 days 25.2 83.6 98.0 96.1 13.2 67.0 [93] 

2012 MEB Kato-Katz 18-23 days 11.8 75 91.2 99.9 17.4 58.7 [90] 

2013 MEB Kato-Katz 18-23 days 8.4 58.5 95.5 100 24.4 59.5 [94] 

2017 MEB Kato-Katz 18-22 days 6.8 71.7 100 100 13.0 68.0 [95] 

2019 MEB Kato-Katz 14-21 days 7.3 74.2 97.8 >99.9 11.2 70.8 [96] 

ALB, albendazole (400 mg); CRs, cure rates; ERRs, geometric mean based egg reduction rates; NA, not available/not assessed; MEB, mebendazole (500 mg); 

qPCR, quantitative polymerase chain reaction; Ref, reference. Colors are used to indicate the highest cure rates (green) down to the lowest cure rates (red) 

within each STH species  

a Year of publication; b arithmetic mean based egg reduction rates; c Hürlimann et al., submitted to N Engl J Med 
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Experience from the veterinary sector show that resistance to benzimidazoles is characterized 

by single nucleotide polymorphisms (SNPs) [97]. Benzimidazoles resistance in Haemonchus 

contortus, a nematode with veterinary importance, was associated with changes at Phe167Tyr, 

Phe200Tyr and rarely Glu198Ala in the β-tubulin gene after years of large-scale deworming 

with single drugs [98-100]. The same SNPs were investigated in human STH and SNPs in 

each STH species were found [97, 101, 102]. Trichuris trichiura containing the Phe200Tyr SNP 

in β-tubulin has been shown to be present at increased frequencies in T. trichiura post-

treatment with albendazole in two distinct settings. However, no clear association with reduced 

benzimidazole efficacy was found yet [103].  

The low efficacy of ivermectin-albendazole against T. trichiura found in Côte d’Ivoire within the 

scope of our multi-country RCT (chapter 5) might be due to several population-based factors. 

Although evidence for resistant ivermectin strains in human nematodes is lacking to date, 

emerging AR to ivermectin needs to be considered too. Evidence from the veterinary field 

suggests that ivermectin pressure selects for changes in expression levels of ABC 

transporters, such as P-glycoproteins, GluCl or GABA receptors and potentially also for β-

tubulin subunits [104-109]. In most animals, resistance was first detected to the avermectins 

(e.g., ivermectin) and subsequently to moxidectin, hence, the extent of resistance is potentially 

greater to ivermectin than moxidectin [99, 110].  

Notwithstanding the lacking evidence for sustained anthelmintic drug resistance against 

benzimidazoles or macrocyclic lactones developing in human populations to date, AR 

monitoring and surveillance has been greatly insufficient so far. The studies conducted are 

based on low sample size, do not include important confounding factors such as the quality of 

the drug, lack standardized AR thresholds, protocols and diagnostic methods [77], and thus, 

may explain the paucity of available evidence on AR in humans.  

Nonetheless, early detection of resistant strains is crucial to retain efficacy of current treatment 

options, to observe resistance as it emerges and to plan and implement alternative treatment 

strategies [77]. Vercruysse et al. identified the four following factors that contribute to AR in 

humans: (i) treatment frequency, (ii) refugia (proportion of the parasite that is not exposed to 
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the drug) (iii) underdosing and (iv) initial resistance allele frequency [77]. While (iv) frequency 

of putative resistance alleles cannot to be directly influenced by the design of future MDA 

campaigns, the first three factors are directly impacted by their design strategies.  

Frequent MDA campaigns targeting whole communities are advocated in high transmission 

settings to sustainably lower worm burden. However, more frequent deworming potentially 

leads to greater drug pressure that in return leads to a faster selection of resistant nematode 

strains. Even though treatment frequencies are considerably higher in livestock, it is assumed 

that even one to three treatments per year in humans might be enough for resistance to 

emerge [77]. Therefore, the aim of AR prevention must be to reduce the speed at which 

resistance alleles accumulate. This might be best achieved by ensuring an adequate level of 

refugia as it is generally believed that worms in refugia conserve a pool of alleles susceptible 

to anthelmintics, which dilutes the frequency of resistant genes [111]. Moreover, underdosing 

has been shown to enable the survival of heterozygous resistant worms in veterinary medicine 

[112]. The most dangerous dose is the one that kills all susceptible homozygous genotypes, 

but none of the homozygous or heterozygous resistant genes [77]. Following that, the wide 

distribution of suboptimal doses over a prolonged period may further promote development of 

AR in human soil-transmitted helminthiasis. This might become a serious threat, since the 

currently administered anthelmintic drugs are likely to be underdosed [98]. In addition, 

population groups with a long history of deworming harboring low parasite burdens, without 

reaching the transmission break points, are expected to be at the greatest risk for the 

development of resistant nematode strains [113].  

Therefore, current control strategies should consider their potential of delaying the emergence 

of drug resistance, for example, by (i) substituting albendazole and mebendazole with second-

line drugs (e.g., tribendimidine), (ii) administering drug combinations with different modes of 

action or (iii) alternating available drug combinations. Likewise, a standardized approach on 

how to regularly monitor potential emergence of AR needs to be established. This is of 

particular importance in high drug pressure settings with a long history of single drug 

deworming, in order to not only track drug efficacy, but to also detect worms carrying mutations 

183



bestowing drug resistance [98, 114, 115]. Therefore, development of reliable, standardized 

and affordable resistance indicators (e.g., validated molecular resistance markers) are needed 

to effectively identify and monitor the spread of these phenotypes and to understand different 

dynamics in various parasite species [116]. Pyrosequencing and deep amplicon sequencing 

approaches are currently under investigation to assess the presence of genetic markers 

associated with resistance to benzimidazoles [101, 103, 117]. However, those are costly and 

need sophisticated laboratory infrastructure, which is majorly limited in resource-constrained 

countries. The SmartAmp technology, a unique genotyping technology that detects a mutation 

under isothermal conditions, might present a valuable and less expensive method applicable 

in peripheral field settings. Rapid SNP genotyping assays, based on the SmartAmp method, 

were recently developed to target β-tubulin polymorphisms in A. lumbricoides and T. trichiura, 

however, require further validation [118].  

A project called STARWORMS (Stop Anthelmintic Resistant WORMS), aiming at 

strengthening the monitoring and surveillance of drug efficacy and AR in human STH, is under 

way and hopefully provides some answers to outstanding questions in the near future [115, 

119].  

 

10.2.5 Future directions for STH diagnostics 

Appropriate diagnostic methods have become indispensable for successful STH control.  

Sensitive and specific tools are needed for determining STH prevalence and associated 

morbidity, assessing drug efficacy, monitoring potential AR, evaluating community 

effectiveness of intervention programs and for the verification of local disease elimination, as 

well as individual patient management. 

Within this PhD, drug efficacy was evaluated by analysis of two samples before and two 

samples after treatment using microscopic Kato-Katz and molecular qPCR. Moreover, rapid 

immunological FC and FOB dipsticks were assessed as proxy markers for intestinal morbidity. 

In this chapter, I describe the improvements I believe are required to accurately diagnose STH 
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infections and to, subsequently, assess drug efficacy. I also discuss what further investigations 

I think are needed in order to determine STH attributable morbidity. 

 

10.2.5.1 Coprological egg-count based diagnostic methods 

 

We found that qPCR results not only indicated higher sensitivity, which is line with a large body 

of evidence [9, 120-123], but that a striking difference in CRs between Kato-Katz and qPCR 

was observed when two qPCR samples instead of one were considered both pre- and post-

treatment (chapter 7). Hence, these findings stress a multi-sample analysis approach to reveal 

accurate prevalence and true efficacies of treatment options.  

However, although several studies used qPCR based diagnostics in parasitology within the 

last decade, DNA extraction and qPCR protocols including methods to preserve stool vary 

considerably, affecting the relative consistency and transferability of their diagnostic 

performance [124]. Only few studies use bead-beating before DNA extraction to increase the 

detection of T. trichiura DNA in stool and reagents seem to vastly be non-standardized [125]. 

Likewise, questions remain about the quantitative output of qPCR. Some studies use arbitrary 

cycle threshold (Ct) values as cut-off for the presence or absence of STH infections [126], while 

others try to convert Ct values into DNA copy numbers per volume [127], number of eggs per 

gram of stool [128], or genome equivalent per mL DNA extract [129]. Hence, laboratory 

protocols need to be standardized in order to enable interlaboratory comparison and a proof-

of-concept for qPCR to assess infection intensities and drug efficacies is urgently needed in 

order to validate and implement qPCR in future program decision algorithms [129]. 

However, using qPCR as the main diagnostic tool is currently not feasible in resource-

constrained settings. Consumable materials, such as probes, primers, bead-beating tubes and 

DNA extraction kits are costly and require stable electricity and freezers. Additionally, 

laboratory equipment, such as centrifuges, fume hoods and the qPCR machine itself, is 

expensive and difficult to transport to remote areas. Even though most countries are still far 

away from eliminating STHs, if transmission interruption is anticipated - likely to occur when 

the true prevalence is below 2% - qPCR will become imperative to confirm that this threshold 
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has been achieved [130]. Collaborations between governments, research institutions and 

industrial partners will be needed to lower costs of consumables and equipment and to train 

local laboratory technicians appropriately to implement qPCR as a validation tool for monitoring 

and surveillance of STH prevalence.  

Development of other highly sensitive but potentially cheaper diagnostic tools is desirable.  

A potential copromolecular diagnostic method is the loop mediated isothermal amplification 

(LAMP) that rapidly amplifies large amounts of DNA with high specificity under isothermal 

conditions. It is already in use for diagnosing several other parasitic diseases and has recently 

been developed for the detection of A. lumbricoides, N. americanus and T. trichiura in stool 

samples targeting internal transcribed spacer regions of the nuclear ribosomal DNA. Due to 

the simple equipment needed (i.e., heat block or water bath for isothermal amplification), the 

LAMP method is inexpensive and field deployable. However, some issues need further 

development, such as a simple DNA extraction method and the need of pre-mixed LAMP 

reagents. Once validated under field conditions and compared to a duplicate Kato-Katz thick 

smear and qPCR, LAMP may become a valuable tool in STH diagnostics [131, 132]. 

A potential copromicroscopic method is the FECPAKG2 that has been developed as a remote-

location tool for veterinary use to assess efficacy of administered drugs and to monitor infection 

intensities. Given the morphological similarities between human and animal helminths and the 

study design to assess drug efficacies, it represents a promising tool for use in human 

parasitology. The customized capture of images and the possibility to upload results on cloud 

systems facilitates centralized data analysis and storage [133]. The diagnostic performance 

(i.e., sensitivity and specificity) and the ability to estimate drug efficacies of the newly launched 

FECPAKG2 will need to be compared to a duplicate Kato-Katz thick smear and qPCR. 

Fortunately, a fellow PhD student of our research group will, for the first time, apply this device 

in an upcoming efficacy trial this year. Further studies are necessary to develop a system for 

quality control of egg counting and to assess cost-effectiveness. Although the development of 

automatic detection and quantification of eggs in the images produced by the FECPAKG2 is at 
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a very early stage, using AI might further reduce variation in egg counts between technicians 

and/or laboratories [134].  

Although the use of rapid diagnostic tests (RDTs) has been successful in improving diagnosis 

of other parasites such as malaria, diagnostic methods to detect antigens of intestinal 

helminths do not exist so far. A RDT, similar to the point-of-care circulating cathodic-antigen 

test (POC-CCA) for Schistosoma mansoni, would be desirable, given that all four STH species 

are somewhat in contact with blood within their life cycles in their human host [135]. However, 

so far only few attempts were made to develop similar assays for STH infections as cross-

reactivity between antigens of different STH species affects specificity of such tests [136].  

In the meantime, the performance of the Kato-Katz technique can be improved by considering 

several samples on consecutive days per individual and with multiple examinations of the 

same fecal sample [137, 138]. Likewise, a recent study showed that, to increase sensitivity of 

the Kato-Katz technique, samples should be read on the day of collection and may be stored 

in a refrigerator for a maximum of 110 minutes before hookworm egg counts start to 

significantly decrease [139]. 

 

10.2.5.2 Intestinal morbidity markers 

 

Chronic infections with soil-transmitted helminths may result in inflammatory disabilities 

affecting the human host. The morbidity associated with such infections represent a 

considerable burden of disease [140]. Even though the WHO sets the aim of large-scale 

deworming based on quantifiable morbidity reduction, little is known about the effect of 

parasitic eggs, larva and adult worms on the host’s intestine. To date, morbidity can only be 

measured indirectly based on egg counts in feces, however, such diagnostic methods only 

capture non-hatching eggs. Hence, the true number of worms in the human host cannot be 

assessed precisely, curbing the accurate monitoring of morbidity control. A better clinical 

understanding of quantifiable STH attributable morbidity is particularly important after 

deworming, when infection intensities decline, but morbidity remains [141]. However, previous 

research on potential morbidity markers is limited to schistosomiasis causing gut morbidity 
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[142-145]. Therefore, identifying potential surrogate markers to determine STH attributable 

intestinal morbidity was part of this PhD project (chapter 8). The results obtained in each of the 

three settings demonstrated that FC and FOB are not appropriate proxy markers for intestinal 

morbidity. Findings support that STH actively modulate host immunity by eliciting regulatory 

and type 2 responses, which are important for host defense, tissue homeostasis and wound 

healing [146-148]. Thus, local inflammation due to STH infections is presumably either very 

low-grade or driven by other immunoregulatory cell types that do not produce calprotectin 

[149]. If the latter hypothesis can be accepted, other appropriate markers would need to be 

identified. C-reactive protein (CRP) is a commonly used biomarker for inflammation and 

infection. However, a trend towards inverse association between CRP concentration and STH 

infections has already been found in a previous study [149]. Fecal alpha-1 antitrypsin 

clearance has been a well described marker for inflammatory bowel disease and might bears 

potential as a marker for helminth induced intestinal inflammation [150]. Moreover, IL-22 

facilitates tissue repair and mucosal barrier formation and may function as a cytokine mediator 

between the microbiome and intestinal tissue [151, 152]. However, these biomarkers might be 

too generic and, thus, not of value when measuring STH attributable morbidity. Recent findings 

suggest alterations of the microbiota post-treatment with anthelmintics, suggesting important 

interactions between intestinal bacterial communities and helminth infections [153]. Further 

studies on the interplay between microbial communities, STH infections and anthelmintic drugs 

might advance the search for appropriate point-of-care markers. Moreover, future research 

focusing on the in-depth investigation of host-parasite interactions and immunology may serve 

as a basis for implementation studies examining potential morbidity markers. 
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10.3 The necessity for a more effective STH control strategy on Pemba Island 

Pemba Island, the setting where the two clinical trials of this PhD project were conducted, has 

been receiving MDA for almost three decades and is, therefore, an example for long-term PC-

based helminth control programs. Although prevalence and infection intensities dropped since 

the 1990s, we found STH infections to still be endemic based on the screening in two 

secondary schools and ten villages. Trichuris trichiura was with a prevalence of 78% the 

predominant STH species, followed by hookworm and A. lumbricoides. Moreover, we found 

worryingly high reinfections rates at six and 12 months after treatment with albendazole or 

ivermectin-albendazole. Since helminth eggs can remain viable and infective for several 

months [154], individuals remain at risk of becoming reinfected post-treatment through eggs 

lasting in the environment without the need for the deposition of new infective stages [155, 

156]. In addition, persistent high prevalence may reflect inadequate sanitation and waste 

management facilities. Indeed, 33% of the screened households reported to not own a latrine. 

Of those who had access to a latrine (private or shared), 28% did not have a simple hand 

washing facility (jar or bucket). Likewise, reported open defecation practices was high at 71%, 

which potentially contributes to persisting STH transmission. Moreover, 40% of the screened 

households reported to drink water collected from unsafe sources without boiling, filtering or 

any other treatment. Hence, environmental contamination with eggs and larvae and 

individuals’ exposures hereto are assumed to be high, abetting the vicious cycle of reinfection 

as observed in our study communities.  

However, other parasitic disease control programs on both Islands of the Zanzibar Archipelago 

have been successful within the past two decades. The Programme to Eliminating Lymphatic 

Filariasis, aiming to interrupt LF transmission, annually administered ivermectin-albendazole 

to communities for six consecutive years (2000-2005) [157]. Crucial factors for the successful 

implementation included a high-level of political commitment, the involvement of communities 

to distribute the drugs and social mobilization strategies [158]. Local drug distributors were 

identified to, not only deliver the drugs using a door-to-door approach, but also to build 

awareness and community support. In addition, information sheets about the MDA campaigns 
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were distributed in schools and depicted in the local newspaper and television and radio 

programs were also designed to raise awareness of the campaign. These concerted efforts 

paid off with high coverage rates (100% geographic coverage, 65% treatment coverage) and 

a substantial reduction of LF cases, particularly on Unguja Island [158, 159]. Likewise, in 2011, 

a five-year project was implemented to monitor and evaluate multifaceted efforts of PC, snail 

control and behavioral change for the elimination of urogenital schistosomiasis in Zanzibar. 

Recent findings from Knopp et al. confirm that prevalence of urogenital schistosomiasis was 

significantly reduced and that it has been eliminated as a public health problem from most sites 

on Pemba Island [160]. These two successful long-term parasitic control programs 

demonstrate that diseases can be sustainably fought with a comprehensive and integrated 

control approach on Pemba Island. Following that, further progress of STH control on Pemba 

Island requires thinking and acting beyond PC. The 2030 WHO roadmap identified three pillars 

for integrated STH control: MDA, WASH and health education interventions  [2]. Improvements 

in WASH would not only help to control STH on Pemba Island, but would also decrease 

intestinal protozoa, bacterial and viral infections, which often cause diarrhea [161]. However, 

investment in sound hygienic infrastructure is expensive; highlighting once more that poverty 

obstructs effective STH control strategies. Therefore, funding and support from governmental 

and non-governmental organizations to build latrines and septic tanks, grant access to safe 

water and to motivate people to improve their hygiene behaviors need to be requested. Indeed, 

a long-term national development plan was created in 2000, while the Zanzibar Vision 2020 

included specific targets to eradicate poverty [162, 163]. Within the last 20 years, the economy 

has been growing constantly, with an annual growth rate of 7% in 2019. However, the aim to 

abject poverty was not achieved. A new Zanzibar Development Vision 2050 is currently being 

developed to continuously tackle poverty [163]. However, since poverty alleviation goes 

beyond the reach of STH control programs, I identified six mitigation strategies that may be 

feasible to implement in the near future to sustainably reduce infection reservoirs on Pemba 

Island. 
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First, drugs that are more potent need to be administered in deworming campaigns and smaller 

treatment intervals need to be attained for sustainable morbidity control. The low efficacy of 

albendazole, the drug of choice in recent MDA rounds, majorly explain the persistent high 

prevalence of T. trichiura. Until more potent drugs are approved for the use against STH 

infections, either the combined use of ivermectin-albendazole or a multiple dose regimen of 

benzimidazoles should be administered several times a year [95, 164]. Additionally, an 

alternating treatment scheme of the currently available drugs should be considered to 

maximize treatment outcomes against either species.  

Second, MDA campaigns are currently implemented once per year in schools and once per 

year in communities. However, with such an approach, highly infected community members 

are more likely to endure and, thus, increase environmental contamination and risk of 

infections for treated individuals. Smaller treatment (e.g., triannual) intervals for whole 

communities should be advocated and pregnant women in their second and third trimesters 

as well as lactating women should be informed and treated with, at least, a single dose of 

albendazole or mebendazole.  

Third, the seasonal peak of egg shedding should be identified in order to plan specific time 

points when deworming programs are most needed. Higher humidity is associated with faster 

development of A. lumbricoides and T. trichiura eggs and rain fosters egg and larval 

development [57, 58]. Although the evidence on seasonal transmission patterns is scarce, 

treating inhabitants immediately before the two rainy seasons might be an inexpensive strategy 

to lower environmental contamination.  

Fourth, the most cost-effective and feasible intervention to complement regular large-scale PC 

in schools and communities might comprise comprehensive information, education and 

communication strategies. Effective health information meetings to explain the burden and 

prevention of STH infections should regularly take place in whole communities, schools or in 

madrasas (religious schools). Practices on how to prevent STH infections could, for example, 

be added to the national curricula in schools. Likewise, multimedia campaigns including 

announcements in the local radio channel as well as simple leaflets and posters that can widely 
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be disseminated will likely help raising awareness, promoting improved personal and domestic 

hygiene practices (e.g., prevention of open defecation, geophagia in children or food hygiene). 

Successful communication strategies from other control activities (e.g., LF campaigns) might 

be helpful and should be incorporated into STH control.  

Fifth, in the meantime, with limited funding from the government, improvements in sanitation 

and  safe management of fecal waste to prevent STH transmission, might be best achieved by 

“community-led total sanitation” (CLTS), that has already been successfully implemented in 

other settings [165]. The integration of perspicuous CLTS might be a relatively inexpensive 

approach to reduce soil contamination with infective STH eggs on Pemba Island. 

Sixth, risky factors and behaviors (e.g., soil and vegetation composition, consumption of raw 

vegetables, travel history, cultural beliefs and practices) should be explored to break the 

ongoing transmission cycle. Once widely applicable, eDNA methods could be applied in large 

scale to detect STH ova in contaminated environments. Identified transmission hot spots 

should be treated and mapped accordingly [166]. 

In summary, time is passing, and STH infections remain a major struggle for communities on 

Pemba Island. A multifaceted and transdisciplinary approach involving the three main 

strategies for STH control (i.e., MDA, WASH and health education interventions) should be 

adopted promptly to sustainably change the STH landscape. The risk of drug resistance and 

contamination of the environment remain high and Pemba communities are threatened to stay 

trapped in a vicious cycle of poverty, long-lasting STH infections and low quality of life.  

 

 

 

  

192



Chapter 11 Conclusion and future directions 

Since the remarkable publication of This Wormy World by Norman Stoll in 1947 [167], several 

global efforts have been made to understand the biology and epidemiology of helminthic 

infections and to implement large-scale control strategies. Extensive MDA campaigns had 

great impact on preventing and relieving STH attributable morbidity and ultimately in improving 

global health [168]. However, at present, some obstacles continuously remain and new 

challenges are arising on how to best tackle these resilient parasites that have evaded simple 

control solutions.  

The large-scale application of donated supplies of the benzimidazole anthelmintics 

albendazole and mebendazole remains the mainstay of STH control programs. However, the 

success of PC is threatened by the limited drug efficacy, particularly against T. trichiura, rapid 

reinfections post-treatment, the difficulty delivering PC to all people living at-risk of infection 

and the high drug pressure in endemic countries. While continuing research on alternative 

broad-spectrum anthelmintic drug candidates, reassessment of potentially anthelmintic drugs 

(e.g., drug repurposing), improved drug regimens of existing drugs and the use of drug (triple) 

combinations will remain of primal importance. Within this PhD project, the two drug 

combinations moxidectin-albendazole and ivermectin-albendazole were identified as 

promising candidates for future MDA campaigns. However, further progress of STH control 

requires thinking and acting beyond PC. A more comprehensive approach to complement and 

synergize with PC is needed to sustainably lower worm burden and to finally escape the vicious 

cycle of reinfection and long lasting morbidity.  

In order to sustainably reduce infection prevalence and infection intensities, large-scale 

helminth control programs need to (i) assess the epidemiological profile using field-applicable 

and sensitive diagnostic tools, (ii) continue research to identify alternative broad-spectrum 

anthelmintic drug candidates preferably against all three STH species, (iii) foster the design of 

control strategies that include comprehensive information, education and communication 

strategies, (iv) encourage sanitation improvements that include access to safe water, sewage 

system and convenient latrine construction, (iv) identify STH transmission hotspots and 
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subsequently treat them adequately, (v) set in place a surveillance system to monitor the 

emergence and spread of anthelmintic resistance and most importantly, (vi) be regularly 

revised and context-specifically adapted to country’s epidemiological parasite situation.  

Neglected tropical disease control programs may integrate such approaches for different 

diseases to benefit from joint disease mapping, use of multiplex diagnostics and joint drug 

procurement and distribution. 

Moreover, the reduction of poverty and economic development remain inevitable to control and 

eliminate STH infections, as seen in other countries that have successfully eliminated soil-

transmitted helminthiasis as a public health problem (i.e., Japan, Republic of Korea) [169, 170]. 

Therefore, political commitment to ensure sustainable domestic investments for STH control 

programs need to be increased on Pemba Island and elsewhere. 
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